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ABSTRACT
FEEDING BIOLOGY OF THE AEOLID NUDIBRANCH FLABELLINA VERRUCOSA
By
Rebecca A. Romano
University of New Hampshire, September 2022

The aeolid nudibranch Flabellina verrucosa is a generalist predator found in the Gulf of
Maine. There have been many field and lab observations documenting its association with a
number of hydroids, ascidians, and schyphomedusans, but little else is known about their prey
preferences or feeding biology. This study investigated the prey preferences of F. verrucosa as
well as the potential for ingestive conditioning in this species. Histology of the digestive system
of F. verrucosa was also examined and described.
Results of both short and long-term preference trials indicated that Flabellina verrucosa
has a preference for Ectopleura larynx but this preference seems to be dependent on the density
of this hydroid. Decreased abundances of E. larynx motivated F. verrucosa to switch to the next
most preferred prey species, which were the hydroid Sarsia tubulosa and the schyphomedusan
Aurelia aurita. Ingestive conditioning trials which included S. tubulosa and Obelia geniculata,
did not indicate that F. verrucosa was significantly conditioned on either species, though F.
verrucosa fed S. tubulosa seemed to be more susceptible to a conditioning effect than slugs fed
O. geniculata. These results suggest that innate preferences or densities of prey items may
impact prey choice in F. verrucosa more than past experiences with prey.
The digestive system of Flabellina verrucosa was described and many adaptations were
found that assist the animal in maintaining a generalist diet. A cuticle throughout the buccal
viii

cavity and esophagus, oral and saliva glands in the buccal complex, and numerous vacuoles in
the epithelial cells of the stomach and digestive gland were found and all appear to be
adaptations to reduce damage from nematocysts as they make their way through the digestive
tract. Numerous folds in the wall of the buccal cavity, esophagus, and stomach were found,
presumably to function in expanding these structures to take in as much prey as possible. Both
types of adaptations may assist F. verrucosa in maintaining a wide diet. The ability to prey
switch is especially beneficial for survival of this aeolid species, as the fouling communities in
which it is found in the Gulf of Maine are highly susceptible to dramatic population shifts.

ix

GENERAL INTRODUCTION
Nudibranchs are shell-less marine molluscs, belonging to the Class Gastropoda and
Subclass Heterobranchia, that have great species diversity as well as a widespread distribution
(Thompson and Brown, 1984). Nudibranchs can be found in a variety of marine habitats, ranging
from intertidal to benthic habitats, and are found in both polar and tropical regions (Chavanich et
al., 2013). Many species are characterized by bright colors as well as dorsal outgrowths called
cerata, which contain digestive glands (Marin et al., 1991).
Though nudibranchs have a widespread distribution, they are typically slow moving in
adulthood, which limits their ability to disperse to new environments to find food sources
(Behrens and Hermosillo, 2005). Dispersal mainly occurs in the planktonic veliger stage.
Veligers are able to postpone settlement until they find an appropriate site, which can increase
chances of successful larval settlement (Behrens and Hermosillo, 2005), though prolonged
periods of starvation in the larval stage have been shown to decrease the overall growth rate and
lifespan of adults of closely related taxa (Pechenick et al., 2002).
Although shells are present in the larval stage during nudibranch development, they are
shed when larvae metamorphose to benthic juveniles (Thompson, 1959). Adult individuals lack
a hard structure for protection and this coupled with their slow-moving pace requires
nudibranchs to rely on alternative defensive strategies (Thompson, 1962; Edmunds, 1966).
Defense mechanisms can include physical defenses such as nematocyst incorporation (Harris,
1973), cryptic coloration (Aguado and Marin, 2007), and lowered nutritional quality (Penney,
2002), as well as chemical defenses (Penney, 2002).Aeolid nudibranchs (Superfamily
Aeolidioidea) are most notably known for their primary defense strategy, which includes ejecting
1

nematocysts, specialized stinging organelles obtained from cnidarian prey, when attacked
(Thompson, 1960; Edmunds, 1966; Harris, 1973, Greenwood, 2009). Nudibranchs have evolved
excess mucus secretion in the digestive tract (Conklin and Mariscal, 1977; Mauch and Elliot,
1997) as well as specialized intracellular structures called spindles (Martin et al., 2007) in order
to prevent nematocyst discharge upon consumption that would otherwise cause harm to the
animal. A thick cuticle is also found in the buccal complex of many species of aeolids
presumably for protection (Edmunds, 1966). These adaptations have allowed many aeolids the
benefit of possessing nematocysts while minimizing harm in obtaining them. Aeolids however,
are susceptible to nematocysts from cnidarian species they do not prey upon (Grosvenor, 1903).
During predation attempts against aeolids, nematocysts are ejected through cnidosacs at the tips
of the cerata (Grosvenor, 1903; Glaser, 1910). While the success of this defense is still being
studied (Edmunds, 2009), it is thought to be successful in deterring predators (Thompson, 1960;
Greenwood, 2009).
The vast majority of nudibranchs are found in marine subtidal habitats, where they are
important grazers in fouling communities (Behrens and Hermosillo, 2005). Most nudibranchs are
carnivorous and feed on a range of prey organisms such as hydroids, anemones, bryozoans,
tunicates, and sponges (Thompson, 1964). While generalist nudibranchs exist, the majority are
specialists, feeding on only one or two prey species. A review of the literature prior to 1996
found that approximately half of nudibranch species are associated with only one prey species,
and approximately three quarters of nudibranchs are associated with two or less prey species
(McDonald and Nybakken, 1997), with the remainder considered generalist feeders. Many
nudibranchs that form associations with one prey species depend on that species for cues for
metamorphosis, food, and pigmentation (Harris, 1973). Some nudibranchs are so dependent on
2

certain prey species that their relationship with prey organisms is often thought to border on
ectoparasitism (Swennen, 1959; Harris, 1973).
The Optimal Foraging Theory, first described by MacArthur and Pianka (1966), attempts
to predict the factors involved in the diet selection of predators. One of the central principles of
this theory, the Optimal Diet Theory, states that predators are expected to seek out food sources
that offer the highest energetic value for the least energy expenditure (MacArthur and Pianka,
1966; Hughes, 1980). Prey items have inherently different energetic values, which are impacted
by a range of factors, including prey size, defenses, or digestibility (Hughes, 1980).
Prey values can also be impacted by past experience with a prey organism in some
species. The more experience a predator has hunting a particular prey, the more efficient the
predator should be at handling that prey item, therefore decreasing the energy needed for
successful predation. Past experience with a prey item can increase the likelihood of a predator
choosing that prey item in the future, a phenomenon called ingestive conditioning (Wood, 1968;
Hall et al., 1982; Hughes, 1986). However, if the preferred prey species becomes less abundant,
generalist predators have been found to switch their diet to focus on more abundant but less
preferred prey species (Hughes, 1980, Hall, et al., 1982). Switching to more abundant species
decreases the amount of time a nudibranch might spend searching for food, therefore making the
less preferred prey the most energetically efficient.
Generalist nudibranchs may have an advantage in hydroid dominated fouling
communities compared to specialists, as populations of hydroids in these communities fluctuate
greatly throughout the year (Clark, 1975). Generalist nudibranchs are able to switch to less
abundant prey, but specialists may have evolved specialized feeding structures that restrict their
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ability to prey switch, such as the case with Onchidoris bilamellata Linnaeus, 1767, which has
evolved a specialized buccal pump in order to feed on barnacles.
There are a range of factors besides past choice and prey densities which may impact
prey preferences and feeding behavior in a generalist nudibranch species. The age and size of the
nudibranch, size of the prey and potency of defenses, predation pressures, and abiotic factors
such as temperature may impact the prey choices of aeolid nudibranchs (Harris, 1973). Folino
(1993) showed that feeding preferences of the specialist nudibranch, Cuthona nana Alder and
Hancock, 1842 were altered with age. Larger, older nudibranchs concentrated their feeding
efforts on polyps of Hydractinia echinata Fleming, 1828, while smaller, young nudibranchs fed
mostly on mat tissue at the edge of the colony. This limitation may be due to the size of the
nudibranch, or due to immature nudibranchs lacking fully developed feeding structures and
therefore unable to engulf whole polyps (Hadfield, 1963). Prey switching as juveniles mature
into adults is not only advantageous strictly for anatomical reasons, but also because it decreases
direct intraspecific competition. With hydroid populations fluctuating frequently, it is
advantageous to decrease competition between species, even amongst intraspecifics.
Competition is decreased among various nudibranch species which feed on the same prey by
avoiding overlap in resources as much as possible. Lambert (1991) suggested that four species of
nudibranchs coexisted on the same hydroid in the Gulf of Maine, Obelia geniculata Linnaeus,
1758, in part due to each species focusing their efforts on different portions of the hydroid. The
peak occurrences for many nudibranch species vary temporally (Clark, 1975), which has been
found to further decrease the chances of competing for resources with other nudibranch
populations.
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Individuals of the same species existing in different communities can also show varied
prey preferences, regardless of age or size. Aeolidia papillosa Linneaus, 1761 in northern Europe
prefers Actinia equina Linneaus, 1758 over other prey (Braams and Geelen, 1953; Miller 1961;
Swennen 1961), while those in Helgoland have been found to prefer Metridium senile Linneaus,
1761 over other prey (Wolter, 1967). Waters (1973) found that A. papillosa from California
preferred Anthopleura elegantissima Brandt, 1835, Anthopleura xanthogrammica Brandt, 1835
and Epiactis prolifera Verrill, 1869, though it should be noted that none of these prey items
occur in northern Europe. The reasons for these diverse preferences amongst intraspecifics are
not clearly defined, though it may be due to fluctuating prey densities in various locations, or
differences in evolutionary histories for each population. Harris (1973) also proposed that the
differences in prey preference may be due to the size of the anemone prey offered in the listed
studies, as many authors used larger anemone specimens, and Harris (1986) found that A.
papillosa avoided larger specimens of M. senile due to their acontia. These fluctuating
preferences illustrate the need for a wide scope of prey preference or association studies in
nudibranch species that have widespread distribution.
Investigating prey preferences and associations of nudibranchs, especially those of
generalists whose diets may be varied throughout their life cycle, is critical to understanding
community dynamics in fouling habitats. Nudibranchs are important predators of hydroids in
fouling communities, and Harris (1987) suggested that their predator prey interactions have the
ability to drastically alter community structure. Hydroids are typically the first to settle on newly
available surfaces, and they remain there for a short time before giving way to longer lived
organisms, making them pioneer organisms in newly formed communities (Harris and Irons,
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1982). Hydroids are more likely to be replaced by successive organisms if heavy predation from
nudibranchs is present (Clark, 1975).
Most generalist nudibranchs are partial predators, consuming only a portion of their
hydroid prey (Todd, 1981). Aeolid nudibranchs have been found to create physical gaps in
hydroid colonies from partial predation (Harris, 1987). Some hydroids respond to this by altering
their growth rate, increasing stolon and polyp production, resulting in a denser, fuller colony
(Gaulin et al., 1986). The tendency of aeolid nudibranchs to consume a portion of the colony is
beneficial for both the hydroid and nudibranch, as it decreases the chance of hydroid mortality
and increases reproductive rate, and also leaves a future food source for the nudibranch (Chester
et al., 2000). While predation by individual nudibranchs may not cause total mortality for a prey
species, high densities of nudibranch predators may ultimately eliminate the prey species from
the community (Harris, 1987). Size of the nudibranch predators is also an important factor, as
smaller nudibranchs tend to cause less permanent damage than larger individuals (Eyster, 1980;
Harris, 1986).
Given the short life span and seasonality of most hydroid species, nudibranchs must
sometimes expend energy locating new food sources. The slow movement of nudibranchs limits
their ability to physically search for and locate food, so they must rely on alternate strategies. All
molluscs have mechanisms to detect chemical changes in their environment, and most use this
sense to detect prey (Kohn, 1961). The ability to detect chemical changes in one’s environment
is called chemoreception, and molluscs are thought to locate food this way (Hall et al., 1982;
Tyndale et al., 1994; Avila et al., 1998), although there is speculation that they may also employ
chemoreception to avoid predation and when searching for mates (Kohn, 1961). Experimental
studies have found that multiple species of nudibranchs, including at least four in the Aeolidacea,
6

have the ability to chemotactically detect prey (Shaw, 1991; Avila et al., 1998). The rhinophores
are the suspected site of chemoreception in nudibranchs (Harris, 1973).
The ability to detect food chemotactically gives nudibranch predators an advantage when
locating food. It is energetically costly for a nudibranch, especially smaller individuals, to travel
distances in search of food. Chemoreception gives predators an indication of what food sources
are nearby and helps them locate those sources. Though there is no evidence that nudibranchs
travel or exist in groups, Harris (1973) noted that nudibranchs are usually found on or near their
food species, and often these sightings include large aggregations of nudibranchs around a food
source (Miller, 1962). Though the distance nudibranchs can detect prey from is not certain, these
sightings indicate that chemotaxis is an important factor in finding food.
In laboratory studies, chemoreception has been found to be stronger when a nudibranch
has had recent contact with a prey species. Avila et al. (1998) found that Hermissenda
crassicornis Eschscholtz, 1831, a generalist predator, responded to chemical cues of Ectopleura
after they had been recently feeding on this hydroid, but slugs which had been fed other
maintenance diets (such as Metridium) did not respond to Ectopleura in chemotactic studies. The
results of this study indicate that recent experience with a prey item may increase the chance of a
nudibranch successfully locating food chemotactically.
This result by Avila et al. (1998) is not surprising, as invertebrates, including several
molluscs, experience ingestive conditioning (Wood, 1968). The sea star, Luidia clathrata Say,
1825, has been shown to have no initial preference between food choices in lab studies but
shows strong preference for one type of food after they have been maintained on that diet in the
laboratory (McClintock and Lawrence, 1984). The dog whelk, Nucella lapillus Linnaeus, 1758,
has shown preferences for barnacles when they were collected in an area that had access only to
7

barnacles and not mussels (Hughes and Dunkin, 1984), yet in the same experiment, another
population of dog whelks was maintained for 60 days on a diet of mussels only, and these
animals preferred mussels over barnacles. Some land snails, including Helix aspersa Müller 1774,
have also been shown to prefer food choices that they have previously been feeding on in
experimental studies (Desbuquois and Daguzan, 1995).
Aeolid nudibranchs have been the subject of controlled ingestive conditioning studies,
which have indicated that past experience with a prey item affects future prey choices (Hall et
al., 1982; Tyndale et al., 1994). Although the role of ingestive conditioning in the field is
unknown, these lab studies indicate that maintained experience with a prey organism can
increase the likelihood of a predator attempting to feed on it again. Expanded knowledge in this
area could affect the way we view and obtain data on prey preferences for given species, as past
diet may be affecting present prey choices in laboratory or field studies.

Flabellina verrucosa Sars 1829 is a generalist aeolid nudibranch predator found in the
Gulf of Maine. F. verrucosa has a circumboreal distribution (Franz, 1970; Kuzirian, 1977;
Thompson and Brown, 1984; Frick, 2003; Behrens and Hermosillo, 2005; Eriksson et al., 2006)
and is found in both the Atlantic and Pacific oceans. On the western side of the Atlantic, F.
verrucosa occurs from southern New England (Clark, 1975) north through the Gulf of Maine
(Johnson, 1915), and in the eastern Atlantic, F. verrucosa occurs throughout the Norwegian
coast, extending south on the western European coast, and can also be found in the
Mediterranean Sea (Lemche, 1941). In the Pacific, this species occurs in both the Bering Sea
(Lemche, 1929) and the Sea of Japan (Volodchenko, 1955). In the Gulf of Maine, this species
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has been found both intertidally and subtidally (Kuzirian, 1979). The maximum depth this
species has been found at is 300m (Odhner, 1939).
Members of the Family Flabellinidae are a taxonomically diverse group of nudibranchs
inhabiting boreal and Arctic waters; the group contains 74 species (Korshunova et al., 2017). As
such, they have historically been taxonomically confusing (Kuzirian, 1977). This issue is
exacerbated by the fact that Flabellinids contain translucent cerata that reflect the color of their
prey. Early research with these species included classifications based on cerata color, which led
to separate classifications of animals that were actually the same species (Balch, 1909; Morse,
1969).
Flabellina verrucosa has been the subject of recent studies to clarify classification
(Eriksson et al., 2006; Korshunova et al., 2017). To aid in classification of this diverse family,
many Flabellinids were originally grouped into two genera, Flabellina or Coryphella (Odhner,
1907). These genera however, were only separated by a single characteristic: elevated or nonelevated cerata (Odhner, 1907). This classification system failed to recognize other
characteristics within this diverse group, and it also failed to consider intermediate forms of
certain characteristics. Marcus and Marcus (1967) and Gosliner and Griffiths (1981) both
concluded that the majority of flabellinid species should be merged under one genus, Flabellina.
Flabellina verrucosa was originally classified as two separate species, Eolidia verrucosa
Sars, 1829, which was described as having short cerata, and Eolis rufibranchialis Johnston, 1832
which was described as having long cerata. These were later classified as Coryphella verrucosa
and Coryphella rufibranchialis. However, later taxonomic analysis found no other differences
between these species. The two forms were eventually merged under one name, Flabellina
verrucosa (Marcus and Marcus, 1967, Gosliner and Griffiths, 1981).
9

Flabellina verrucosa exhibits an annual lifecycle and reaches an adult length of 35mm
(Bleakney, 1996). Reproduction occurs in the Gulf of Maine from March to July (Alder and
Hancock, 1845-1855; Kuzirian, 1977; 1979) though in the deep subtidal habitats it can extend
into the late summer and fall seasons (Kuzirian, 1979). Egg masses are characteristically spiral or
coil shaped (Alder and Hancock, 1845-1855). Like all other nudibranchs, F. verrucosa exhibits
hermaphroditism (Gould and Binney, 1870), though self-fertilization does not occur (L. Harris,
personal communication).
Flabellina verrucosa has a translucent white body (Thompson and Brown, 1984), along
with pinkish, tan, or reddish cerata, depending on the diet of the individual (Kuzirian, 1977).
The cerata are terminated with a white tip, indicating the cnidosacs which store nematocysts
from digested prey (Kuzirian, 1977; Behrens and Hermosillo, 2005). F. verrucosa also has
translucent oral tentacles and rhinophores (Alder and Hancock, 1845-1855). Like most other
aeolid nudibranchs, F. verrucosa is a carnivore and grazes on benthic and fouling species
(Mikhlina et al., 2015).
In the Gulf of Maine, F. verrucosa primarily feeds on cnidarians. Their diet includes a
range of hydroids (Swennen, 1961; Miller, 1961; Day and Harris, 1978; Behrens and Hermosillo,
2005), though they occasionally feed on tunicates (Kuzirian, 1979), including Botrylloides spp.
(L. Harris, personal communication). While it is assumed that F. verrucosa prefers to feed on
members of the Tubulariidae as they are found settling on these hydroids (Kuzirian, 1977; 1979),
this assumption has never been verified with experimental prey preference or prey association
studies.
Flabellina verrucosa has been the subject of numerous studies in the Gulf of Maine
(Kuzirian, 1977; 1979; Frick, 2003, 2005; Penney et. al, 2010), though many of these studies
10

have focused on nematocyst incorporation or classification. There are no recent laboratory
studies to determine prey preference of F. verrucosa, nor are there studies investigating the
potential for ingestive conditioning in this species. Though Mikhlina et al. (2015) described the
buccal complex of F. verrucosa, information about the digestive system of this animal is lacking.
The purpose of this study was to investigate the feeding biology of the nudibranch
mollusc Flabellina verrucosa. Described in two chapters, this research focuses on 1) prey
association and potential for ingestive conditioning, and 2) a histological description of the
buccal complex and digestive tract. Based on my own field observations, I hypothesized that F.
verrucosa would more commonly be associated with the hydroid Ectopleura larynx Ellis and
Solander, 1786 and would show an ability to be conditioned to various hydroid species.
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CHAPTER 1: PREY ASSOCIATIONS AND INGESTIVE CONDITIONING
POTENTIAL IN THE AEOLID NUDIBRANCH FLABELLINA VERRUCOSA

Introduction
Prey Preference of Flabellina verrucosa
Flabellina verrucosa is a eurytrophic predator, feeding upon a wide number of prey
species (Mikhlina et al., 2015). Though F. verrucosa is considered a generalist predator,
individuals concentrate their feeding efforts on locally and temporally abundant prey species
(Day and Harris, 1978). As some species of flabellinids have distributions that overlap with F.
verrucosa (Clark, 1975), their generality helps maintain a steady diet in the presence of
heterospecific competition.
Flabellina verrucosa preys on hydroids (Thompson, 1964), schyphistomae (Östman
1997), and rarely, tunicates (Kuzirian, 1979). The diet of F. verrucosa includes Ectopleura spp.,
Clava leptostyla L. Agassiz, 1862, Obelia spp., Hydractinia echinata, Campanularia spp.,
Sertularia spp., and Botryllus schlosseri Pallas, 1766 (Kuzirian, 1979). Miller (1961) also reports
that F. verrucosa feeds on Sarsia eximia Allman, 1859, Clytia johnstoni Alder, 1856, Laomedea
flexuosa Alder, 1857, Dynamena pumila Linnaeus, 1758, and Hydrallmania falcata Linnaeus,
1758. Swennen (1959), however, reported that F. verrucosa accepted Eudendrium arbuscula
Wright, 1859 as food, but would not accept Laomedea spp. Aurelia aurita Linnaeus, 1758 is also
susceptible to heavy predation by F. verrucosa (Hernroth and Gröndahl, 1985; Östman 1997). F.
verrucosa has also been associated with Obelia geniculata (Lambert, 1990).
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In the Gulf of Maine, F. verrucosa is thought to settle on Ectopleura larynx (Kuzirian, 1977)
suggesting a potential preference for this hydroid.

Chemoreception
Many nudibranch species employ chemoreception to aid in the location of prey
(Stehouwer, 1952; Braams and Geelen, 1953; Haaften and Verway, 1960; Kohn, 1961; Tyndale
et al., 1994; Avila et al., 1998). Chemorecognition is particularly useful for specialist species, as
suitable prey may be more difficult to locate than for generalist species (Harris, 1973). Kohn
(1961) suggested that the rhinophores are used for distance chemoreception, while the oral
tentacles are responsible for contact chemoreception. The former is suggested to help
nudibranchs locate food from a distance should their regular food source diminish (Kohn, 1961).
Early studies by Arey (1918) and Agersborg (1922) had concluded that rhinophores were
sensitive to detecting certain salts, acids, and bases, but only when in direct contact with a
chemical stimulus. These studies led to the belief that rhinophores were for contact
chemoreception only, however, both of these early studies failed to test water currents passing
over food species. Without currents, directional information about the prey source is absent.
Davenport (1950) and Davenport and Hickock (1951) tested chemoreception in polynoid worms
with water currents running over prey items in a Y-shaped apparatus. Results indicated that the
worms oriented into a current and moved towards prey.
When water currents passing over food species were tested in aeolid nudibranchs, results
indicated that they can detect food from a distance (Stehouwer, 1952). Stehouwer (1952) was the
first to show that the nudibranch Aeolidia papillosa preferred the anemone Metridium senile.
Further, using Y-maze experiments, he showed other preferences the nudibranch had for its
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anemone prey: younger specimens over old, injured animals over uninjured, and open anemones
with tentacles extended over closed anemones with their tentacles hidden. Haaften and Verway
(1960) found that two species of aeolid nudibranchs, Aeolidia papillosa and Cuthona gymnota
Couthouy, 1838, would orient into a current of low velocity if water with a suitable prey item
was added to the aquarium, but in the absence of water currents containing prey items, the
nudibranchs tended to move in random directions.
Harris (1970) completed a study with the aeolid nudibranch Phestilla melanobrachia
Bergh, 1874, similar in design to Davenport (1950), and indicated positive chemotaxis as well
towards coral prey typically associated with this species. Murphy and Hadfield (1997) confirmed
distance chemoreception in Phestilla sibogae Bergh, 1905, by examining the physiology of
neural pathways in this nudibranch.
Prey preferences were investigated in A. papillosa by Edmunds (1974), who employed
both single choice tests and double choice tests. Nudibranchs were placed 5cm away from one
anemone in the single choice tests, and in double choice tests a nudibranch was placed 5cm away
from a series of two anemones which were equidistant from the nudibranch. No water currents
were present in this experiment, though nudibranchs were able to locate food (perhaps because
of the short distance between the specimen and the test prey species) and preferred Actinia
equina to all other prey in both experiments, supporting the findings of Braams and Geelen
(1953), Miller (1961), and Swennen (1961).
Chemotaxis was investigated in the aeolid nudibranch Hermissenda crassicornis by
employing Y-maze one and two choice tests (Tyndale et al., 1994). The single choice tests
showed that the nudibranchs chose the arm of the maze with food significantly more than the
arm without food. The nudibranch was placed 40cm from the prey items in the Y-tank,
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indicating the slugs could detect prey from at least this distance when currents are utilized.
Because H. crassicornis is able to be cultured and reared easily in the laboratory (Avila et al.,
1998), this study was also able to test adult nudibranchs of known past diets. Knowing the past
diet of study organisms is ideal in nudibranch chemorecognition studies, as research has shown
that past diet can impact prey choice (Hall et al., 1982, Tyndale et al., 1994) and this has
potential to cause bias in studies.

Ingestive Conditioning
Aeolid nudibranchs have been the subject of ingestive conditioning studies, with varying
results. While studies on Phestilla spp. showed positive chemotaxis, no evidence of ingestive
conditioning was found (Harris, 1973). However, Aeolidia papillosa and Hermissenda
crassicornis have the ability to be conditioned on certain prey sources (Hall et al., 1982; Tyndale
et al., 1994). Tyndale et al. (1994) were not only able to show positive chemotaxis in their study
with H. crassicornis, but they showed that nudibranchs had a higher chance of detecting and
choosing prey in a single choice Y-maze test if they were previously fed that diet in the
laboratory.
Hall et al. (1982; 1984) investigated ingestive conditioning potential of Aeolidia
papillosa and concluded that past diet history can influence the prey choice of this nudibranch.
Hall et al. (1982) showed that A. papillosa preferred Sagartia troglodytes Price, 1847 over five
other anemone prey options when they had been maintained initially on this diet. Once the
maintenance diet was switched to Actinia equina Linnaeus, 1758, nudibranchs then showed
preference for this species. Hall et al. (1984) developed a multi-chamber choice test that let them
investigate current conditioning and data indicated that past history of diet impacted their current
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prey choices in A. papillosa. Their study however, was unable to confirm the switching behavior
seen by Hall et al. (1982). These conflicting studies may indicate that some individuals or
populations with strong prey preferences may not switch even with conditioning on a given diet
(Hall et al., 1984), or that other factors may influence prey selection in these populations.
Numerous nudibranchs including A. papillosa and F. verrucosa have a wide geographic
range and may survive in environments with different concentrations of prey species (Hall et al.,
1982; Frick, 2003). If nudibranchs are more experienced with a particular prey species, they may
be more likely to choose this species when presented with a choice of options, because they have
more experience handling the prey and their specific defenses and will therefore expend less
energy feeding. This may account for the differences in preferences of A. papillosa specimens
from different communities (Harris, 1973).
This study examined prey preferences of F. verrucosa between common cnidarian and
tunicate species in the Gulf of Maine. The potential for ingestive conditioning was examined
using a Y-maze apparatus. The hypothesis tested was that F. verrucosa would associate most
with the hydroid Ectopleura larynx when presented with a range of local prey, but would switch
associations when maintained on a different diet than E. larynx.

Materials and Methods
Animal Collection
Floats attached to the docks at the Coastal Marine Laboratory in New Castle, NH were
the primary site of animal collection because they have a diverse fouling community in which
numerous nudibranch, tunicate, and hydroid species can be found. Most specimens of Flabellina
verrucosa were found at this site. A small number of F. verrucosa specimens were also collected
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in the subtidal in Eastport, ME. Sarsia tubulosa Sars, 1835, Ectopleura larynx, Obelia
geniculata, Botrylloides violaceus Oka, 1927, Hydractinia echinata, and Aurelia aurita polyps
were mainly collected from the floats at the Coastal Marine Laboratory, though various docks
and marinas including Wentworth Marina were searched as needed to supplement collection.
Animals were maintained at the Coastal Marine Laboratory in New Castle, NH in 2016
and 2017. Because the animals were kept in a flow through water system, temperature in the tank
fluctuated throughout the year. In 2018, the animals were housed in a temperature-controlled
room (approximately 20ºC) with recirculating seawater at the University of New Hampshire.
Chillers were used to keep the temperature of the holding tank between 8.5-12.5ºC and salinity
was maintained at 32-34 ppt. When not actively part of experimental studies, the nudibranchs
were fed a range of hydroids ad libitum. The species of hydroids given to the nudibranchs
depended on what was available in the field.

Hydroid and Aurelia aurita Culturing
Various hydroid species and polyps of Aurelia aurita were cultured beginning in
September, 2017. Hydractinia echinata, Obelia geniculata, Aurelia aurita polyps, Ectopleura
larynx, and an unknown thecate hydroid were all attempted. Multiple polyps of a given species
of cnidarian were placed onto a clean glass slide and fixed to the slide using dental floss. The
slides were suspended individually in rows in a tank of aerated seawater. The tanks containing
hydroid cultures were placed into the larger holding tanks with the nudibranchs, as to maintain a
temperature between 8.5-12.5ºC. The tanks containing hydroid cultures were taller than the water
level of the nudibranch holding tank, so nudibranchs did not have access to these hydroid
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cultures. Salinity of each tank was monitored frequently and adjusted with deionized water to
maintain a salinity of 32-34 ppt.
Artemia salina Linnaeus, 1758 was cultured six days per week to feed the hydroids and
A. aurita polyps. Dried Artemia cysts (~1 teaspoon) were added to a 2L flask of aerated sea
water for culturing. Artemia were not fed, so they needed to be used within 48-72 hours of being
added to the culture. Artemia were split evenly amongst the hydroid and A. aurita tanks six days
per week by pouring the Artemia near the surface. The aerator in each tank was adjusted so that a
heavy flow of bubbles caused the Artemia to circulate the tank and become available to all
hydroids. Tanks were cleaned periodically as needed and seawater was replaced to ensure a
healthy environment for the hydroids.
Cultured hydroids were used as a food source for nudibranchs in the holding tank while
the nudibranchs were not part of any feeding trials. Cultured A. aurita polyps were also used
during the long-term prey association trials.

Prey Association Trials
To determine which prey Flabellina verrucosa most commonly associates with, forty
trials that allowed individual nudibranchs to choose from four different types of prey were
completed. The four prey types utilized were Ectopleura larynx, Hydractinia echinata, Aurelia
aurita, and an unknown branching thecate hydroid.
Trials were held in rectangular shaped tanks (~3 gallons) with one prey species located in
each of the four corners. Individual F. verrucosa were starved for at least 24 hours before the
trials, to ensure that they were motivated to find food at the beginning of each trial. Once the
tank was set up with each prey species in their respective corners, the nudibranch was placed into
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the center of the tank. Each trial lasted one hour. At the end of the hour, tanks were checked to
see if the nudibranch was in contact with any of the prey items. If the nudibranchs were found on
top of or in contact with a prey item, this choice was documented. If the nudibranch was not
making contact with any food, “no choice” was documented and the trial was ended.
Ambient seawater used in these trials was collected from the ocean at the Coastal Marine
Lab in New Castle, NH and stored at the University of New Hampshire. Water was the same
temperature as the holding tank for the nudibranchs to ensure they were not shocked upon being
placed in the tank. Prey choices were alternated among corners to ensure that there was no corner
bias by the predator. Each trial was completed with a fresh, unused nudibranch to eliminate any
potential bias. Seawater was changed between each trial, and the tanks were scrubbed gently
using tap water to remove any mucus trails left by the nudibranchs, then rinsed with sea water to
eliminate any residue left behind. Data were analyzed using a One-Sample Kolmogorov-Smirnov
test.

Daily Prey Association
From February-May 2018, thirty nudibranchs were placed in a communal mesh tank
(31x62 cm) with a fiber glass bottom. Various prey specimens were added to the tank and
randomly positioned. These prey species included Ectopleura larynx, Hydractinia echinata,
Obelia geniculata, Aurelia aurita, Sarsia tubulosa, Botrylloides violaceus, and an unknown
thecate hydroid (the same species as previously referenced). No method of standardizing prey
abundance was used, as each hydroid prey item had different polyp and stolon sizes. One species
of prey, Botrylloides violaceus, a tunicate, has a different growth form than hydroids, leaving it
impossible to standardize using polyp abundance or mass. Some prey items also were growing
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on hard substrates such as rocks or shells, and could not be separated from these, further
excluding mass as a method of standardization. In the absence of a proper standardization
method, care was taken to ensure the prey specimens were distributed as evenly as possible
within the tank. Availability of the prey in the field determined how many species were in the
feeding tank at any given time.
One to two times daily, at sporadic times throughout the day to ensure temporal bias was
eliminated, the tank was examined to enumerate how many specimens of F. verrucosa were
found associated with each prey type. An association was documented if the nudibranch was
making contact with a food source. The date, time, and number of nudibranchs associated with
each type of prey were recorded. Colonies were checked daily to ensure there were still living
polyps present. The length of this experiment required that prey items be replaced as they were
depleted. New prey items were added approximately once per week, however, not all species
were available at all times. Given this limitation, the data were broken down into four separate
sets so that each set contained the same combination of prey choices. These sets will be
referenced as trials 1-4 in subsequent sections. Data for each trial were analyzed by completing a
one-way ANOVA for each data set. Means for each trial were compared using a Tukey’s test.

Ingestive Conditioning
Nudibranchs for these trials were collected exclusively from docks at the Coastal Marine
Laboratory in New Castle, NH, and stored in a temperature-controlled room at the University of
New Hampshire. The nudibranchs were fed a range of hydroids until nine days before the trials,
when they were switched over to a single hydroid diet. The two hydroids individually tested
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were Sarsia tubulosa and Obelia geniculata. Nudibranchs were kept on this diet for seven days,
and then starved for 48 hours to ensure they were hungry for trials.
Trials were conducted at the Coastal Marine Laboratory in a Y-maze apparatus that was
connected to a flow through water system (Figure 1). Before trials began, a dye test was
performed on the tank to ensure that there was no water flow between lanes. During trials, water
flow was kept at 250 mL/min⁻¹. Flow rate was checked after every other trial to ensure
consistency. Nudibranchs were placed in the acclimation area of the Y maze for ten minutes
before each trial. No prey items were present in the system, but water was flowing through the
tank. At the end of the ten minutes, two prey items were added to the tank, one in each arm. One
prey item consisted of the hydroid the nudibranchs had been conditioned on, and the second
hydroid was E. larynx, the hydroid F. verrucosa most often associated with in field observations
(personal observations). There was no accurate method for standardizing the amount of prey
used in each arm, so care was taken to ensure the prey items were of similar size. The mesh
screens of the acclimation area were then removed so the nudibranch could move freely about
the tank. Trials lasted for one hour, or until the nudibranch made contact with a food selection.
The choice of the nudibranch was recorded, unless no choice was made, in which case the trial
was eliminated from analysis. A total of twenty trials in which nudibranchs made a food choice
were completed for each test species.
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Figure 1: Ingestive conditioning trial tank. Nudibranchs were placed in the acclimation area
before trials began. Prey items were added to the end of lanes 1 and 2, located directly in front of
the incoming water flow (marked with an X in each lane). The arrows indicate the direction of
the flow of water through the tank. The dashed line indicates the position of the removable mesh
screen while the bold line indicates the position of a permanent mesh screen that allows for the
passage of water currents. Sides A, B, and C are labeled for size references: A = 41cm, B =
41cm, C = 15cm.

Controls were conducted using the same method, with the exception that nudibranchs
used in these trials had been fed a third species of hydroid (unknown thecate) that was not used
during testing. This was to ensure no conditioning occurred on either of the two experimental
hydroid species or Ectopleura. Twenty control trials were completed. Analysis was completed by
performing a Chi Square goodness of fit test.
This study also intended to investigate the ability of other prey items, including
Ectopleura larynx, to cause conditioning in Flabellina verrucosa. Due to a fire at the Coastal
Marine Lab which temporarily destroyed the flow through water system, these trials were unable
to be completed.
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Results
Observations
Nudibranchs were found on the underside of floating docks either individually or in
groups among various hydroids. Rarely, if hydroids were not readily present, nudibranchs were
found on other substrates such as mussels. The majority of nudibranchs were found on
Ectopleura larynx, but two large groupings of Flabellina verrucosa (~20 specimens in each
group) were found on the edge of colonies of Aurelia aurita polyps. Most F. verrucosa
specimens found on the floats at the Coastal Marine Laboratory were bright pink, including those
which were found feeding on polyps of A. aurita, suggesting that at some time, they had been
feeding on pink hydroids such as E larynx, S. tubulosa, or H. echinata. Few nudibranchs were
found on H. echinata in the field, despite the presence of a large colony of this hydroid on the
floats at the Coastal Marine Laboratory throughout the 2016-2019 seasons. Nudibranchs were
only found at the edge of H. echinata when other prey options were scarce. F. verrucosa was
rarely found on S. tubulosa, and no nudibranchs were found preying on Obelia geniculata in the
field, despite sporadic occurrences of this hydroid on the floats at the Coastal Marine Lab
throughout this study.
A few nudibranch specimens used in this study were found subtidally in Eastport, ME.
These specimens tended to be darker in color than the nudibranch population found in New
Castle, NH. While it cannot be confirmed what these specimens had been eating prior to
collection, it was also noted (L. Harris, personal communication) that the E. larynx present was a
darker phenotype in Eastport, ME than the population at the Coastal Marine Laboratory. As F.
verrucosa have translucent cerata, their perceived color reflects the color of the prey that has
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been consumed, and it is suggested that these specimens of F. verrucosa may have been feeding
on E. larynx before collection, though this cannot be confirmed.
During the 2018-2019 field seasons, it was particularly difficult to find specimens of F.
verrucosa. Only two nudibranchs were found during this season despite searching both
collection sites (Coastal Marine Laboratory and subtidally at Eastport, ME), as well as numerous
sites between Portsmouth, NH and Portland, ME. A collection of ~150 nudibranchs was obtained
the previous season.

Hydroid and Aurelia aurita Culturing
Attempts to culture prey specimens in the laboratory showed varying results. Some
species, such as Aurelia aurita and the unknown thecate hydroid, established themselves readily
on glass slides. A. aurita polyps typically required 24-48 hours to affix themselves to the glass
slides before the slide could be freely suspended in the tank.
For the unknown thecate hydroid, once a small colony was affixed properly to the slide,
colony growth occurred until the surfaces of the slides were entirely covered. Hydractinia
echinata was successfully cultured on one slide, though this slide was not able to be maintained
in the lab and died shortly thereafter. Culturing of Ectopleura larynx and Obelia geniculata were
also attempted, though neither of these hydroids would attach to the slide and ultimately
perished.
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Prey Association Trials
Forty prey association trials were completed. Of these forty trials, only twenty trials
resulted in the nudibranch choosing a particular prey. The other twenty trials ended after one
hour even if the nudibranch was not associated with any prey item.
Of the twenty trials in which the nudibranch was in contact with a prey item, nine were
on Ectopleura larynx, three were on Aurelia aurita polyps, four were at the edge of Hydractinia
echinata, and four were on an unknown thecate hydroid (Figure 2). Although E. larynx was
chosen over twice as many times as any other prey option, no significant preference was
indicated by the One-Sample Kolmogorov-Smirnov Test (p = 0.2).
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Figure 2: Number of times each hydroid was chosen by F. verrucosa during prey association
trials. The nudibranch had four separate prey choices in a rectangular-shaped tank, and the
choice was recorded after one hour.
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Daily Prey Association Trials
In Trial 1, F. verrucosa was strongly associated with polyps of Aurelia aurita more than
any other prey choice (Figure 4-1; ANOVA, F = 32.034, p < 0.0001). A. aurita was the prey with
which F. verrucosa most commonly associated with, while Ectopleura larynx, Sarsia tubulosa,
and the unknown hydroid were favored the second most with no significant differences being
found between these prey species (comparison of means in Tukey’s test). F. verrucosa was in
contact with H. echinata a total of only eight times, and was never recorded to be in contact with
Botrylloides violaceus. These two prey species were associated with the least during Trial 1, and
there were no significant differences between the mean number of nudibranchs which chose H.
echinata and B. violaceus in this trial (Figure 4-1).
In Trial 2, nudibranchs were associated with Ectopleura larynx most commonly, but they
were also frequently found on Sarsia tubulosa and Obelia geniculata, and there were no
significant differences among these prey species (Figure 4-2; ANOVA, F = 3.594, p = 0.024).
The prey item that nudibranchs associated with the least in this trial was the unknown hydroid.
The higher association of F. verrucosa with E. larynx in this trial correlated with the fresh
availability of the hydroid as new prey was added to the tank. The association between F.
verrucosa and E. larynx decreased as the E. larynx spent more time in the tank, but increased
once new prey specimens were added to the tank (Figure 3-2).
A similar pattern to Trial 2 was observed in Trial 3, in which the nudibranchs were
associated more with E. larynx than S. tubulosa, and were significantly more associated with S.
tubulosa than H. echinata and B. violaceus (Figure 4-3; ANOVA, F = 46.116, p < 0.0001). The
number of nudibranchs choosing E. larynx increased as the trial progressed (Figure 3-3).
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In Trial 4, nudibranchs were most frequently associated with E. larynx. The number of
nudibranchs contacting with E. larynx throughout this trial remained high and relatively constant,
and only a few nudibranch specimens made contact with other prey items throughout this trial
(Figure 3-4). In Trial 4, F. verrucosa was significantly associated with E. larynx more than all
other prey items offered. F. verrucosa was least associated with H. echinata and B. violaceus
(ANOVA, F =169.823, p < 0.0001) (Figure 4-4).
All hydroids in Trials 3 and 4 were readily available in the field – so new prey items were
added to the tank at a consistent rate during these trials.

27

Figure 3: Number of nudibranchs found on each prey species during each sampling throughout
the long-term prey association trials. Nudibranchs were housed in a rectangular tank (size: 62x31
cm) with numerous prey species. The number of nudibranchs on each prey species was
enumerated during each sampling.

Ingestive Conditioning
The results from the ingestive conditioning trials indicate that Flabellina verrucosa was
not able to be significantly conditioned on either Sarsia tubulosa or Obelia geniculata (Figure 5).
In the S. tubulosa tests, fifteen of the nudibranchs in the experimental group chose S. tubulosa,
and five chose Ectopleura larynx. The control group had eleven nudibranchs that chose E. larynx
and nine nudibranchs which chose S. tubulosa (Figure 5). The Pearson’s Chi Square test (p =
0.052, X² = 3.75) for independence indicated that the nudibranchs did not undergo significant
conditioning in this experiment.
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Figure 4: The average number of nudibranchs found on each prey species throughout each longterm prey association trial. The letters above the data bars represent where the prey item falls in
the association hierarchy. The letter “A” denotes the most frequent association, while the letter
“C” denotes the least frequent association. Prey species that do not share a letter are significantly
different in this hierarchy.

Flabellina verrucosa did not show potential for ingestive conditioning with Obelia
geniculata (Figure 5). Both the test group and control group showed no prevalence of choice,
with ten nudibranchs in each group choosing O. geniculata, and ten nudibranchs in each group
choosing E. larynx. There was no significant difference in these groups (p = 1, X² = 0),
indicating that conditioning did not occur when using the O. geniculata.
During prey preference and ingestive conditioning trials, it was common for nudibranchs
to not make a prey choice. In ingestive conditioning trials, it was also a common occurrence for
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nudibranch specimens to crawl up the side of the tank, reach the surface and subsequently float
ventral side up on the surface tension of the water. Though this behavior is unexplained, it was
frequently observed. In these cases, the trial was reset and restarted.

Type of Trial

S. tubulosa control

S. tubulosa test
Test Hyroid
O. geniculata control

E. larynx

O. geniculata test
0

5

10

15

20

Frequency

Figure 5: Results of the ingestive conditioning trials and the corresponding controls. Note the
quantitative difference between the test and control trials for Sarsia tubulosa, and lack of
difference between the test and control trials for Obelia geniculata. No potential for ingestive
conditioning was found for either prey species (Sarsia tubulosa: p = 0.052, X² = 3.75; Obelia
geniculata: p = 1, X² = 0)

Discussion
Of the twenty short-term prey association trials in which a nudibranch made contact with
a prey item, just under half of the nudibranchs chose Ectopleura larynx. Given that there were
four separate prey options, this suggests a preference for Ectopleura larynx. While no prey items
were chosen significantly more than any others, the relatively low sample size was most likely a
factor in this result, as half of the nudibranchs sampled for the short-term association trials did
not make a prey selection, reducing the number of trials for analysis from 40 to 20 (Figure 2).
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Aurelia aurita was chosen the least number of times in the short-term prey association
trials. This was unexpected, as F. verrucosa has been seen in the field more commonly
associated with A. aurita than H. echinata (personal observations), and during these observations
the number of nudibranchs surrounding A. aurita colonies was substantial (~20 nudibranchs). In
contrast, F. verrucosa was very rarely seen associated with H. echinata, despite a large colony of
this hydroid present at the Coastal Marine Laboratory throughout the duration of this study.
There were many limitations to this study which may have impacted the results. While
the intention was to give the generalist nudibranch F. verrucosa multiple prey options, using a
rectangular tank with prey in each corner did not allow for current to pass over any prey choice.
Stehouwer (1952) revealed the importance of currents passing over prey sources in
chemoreception studies involving aeolid nudibranchs, and a stronger association with any of the
given hydroids may have been seen had the experiment employed a multi-chamber flow through
apparatus, allowing water to flow over prey species, instead of static sea water. Without these
directional currents, the amount of time given to the nudibranch may not have been long enough
for them to detect and to differentiate between prey choices. Further preference testing using the
Y-maze (Figure 1) was intended for this study, but the fire at the Coastal Marine Lab prevented
these tests from taking place.
The short-term trials were also limited as they did not take into account the behavior of
the nudibranch during the trial and relied on the final result after one hour. It is impossible to
infer what the nudibranch did during the duration of the trial, which would be critical in
determining prey association. It is possible that prey were approached and sampled or rejected
during the trial, and these data would be beneficial in accurately determining prey associations
and nudibranch feeding behaviors.
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In the long-term study, given the variation of availability of prey, four sets of data within
the study were treated as individual trials and analyzed (Figures 3 and 4). The data from
individual trials indicated that there were inconsistencies in prey associations for F. verrucosa. In
Trial 1, F. verrucosa was significantly associated with Aurelia aurita more than any other prey
species (Figure 4-1). This was in contrast to the low association with this prey item in the shortterm prey association trials, but seems to be in agreeance with field observations between F.
verrucosa and A. aurita. These data either suggest that the short-term trials were extremely
limited due to lack of currents or that preferences for this species may vary individually.
In Trial 2, the nudibranchs most strongly associated with E. larynx, S. tubulosa, and O.
geniculata (Figure 4-2). The common association with O. geniculata was unexpected, as F.
verrucosa was never observed by the author to feed on O. geniculata in the field despite many
sightings of this hydroid at the collection site. The association with O. geniculata may be due to
the decreased availability of E. larynx as the trial progressed.
The data from Trial 3 indicate that F. verrucosa was associated with both E. larynx and
S. tubulosa most frequently (Figure 4-3). Though O. geniculata was present for this trial as well,
it was not associated with as frequently in Trial 3 as in Trial 2. This may be due to the fact that E.
larynx was replenished more frequently in Trial 3 than in Trial 2, leaving a potentially more
preferred prey of F. verrucosa in the tank.
At the beginning of Trial 3, there were a sizeable number of nudibranchs on both E.
larynx and S. tubulosa (Figure 3-3). As the E. larynx polyps became scarce, more nudibranchs
associated with S. tubulosa. When E. larynx and other prey items were replenished in the
communal tank, the number of nudibranchs associated with E. larynx increased and the
association with S. tubulosa decreased. S. tubulosa colonies were added to the trial at the same
32

time as E. larynx colonies were added throughout the trial, so the timing of the added prey
should not have impacted prey preference in this trial. This trial indicates that between S.
tubulosa and E. larynx, the two preferred prey species in the long-term trials, F. verrucosa
prefers E. larynx.
F. verrucosa was strongly associated with E. larynx in Trial 4 more than any other prey
item (Figure 4-4). F. verrucosa was not commonly found on any other prey species during this
trial. This was the only trial that indicated exclusive preference of E. larynx, but the association
seen was drastic. The average number of nudibranchs found on E. larynx during each sampling
period was 10.13 nudibranchs, while the next highest average was A. aurita, at 0.88 nudibranchs.
E. larynx as well as all other prey options were plentiful in the field for trials 3 and 4, so prey
options were all replenished on the same day during these trials. This removed any bias of
freshness for prey options, and in the absence of this bias the results of each trial indicated that E.
larynx (Trial 4) or E. larynx and S. tubulosa (Trial 3) were the most preferred prey.
The lone tunicate in this long-term study, Botrylloides violaceus, was only seen in contact
by a specimen of F. verrucosa one time. These results are not particularly surprising, as tunicates
contain no nematocysts for sequestration, making them less useful for nudibranch predators than
cnidarian prey. Many tunicates have also been found to have chemical defenses to deter prey
(Pisut and Pawlik, 2002) which may impact the ability of F. verrucosa to successfully attack it.
A diet of strictly tunicates has also been found to increase mortality of F. verrucosa (Frick,
2005), which suggests tunicates would not be the preferred diet of this nudibranch if hydroid
prey were readily available.
Data from this study suggest that Flabellina verrucosa has a preference for Ectopleura
larynx over other prey items. The short-term prey association trials showed that F. verrucosa
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chose E. larynx most frequently over other prey options, and the long-term trials also indicated a
significant association with E. larynx in at least three of the four trials. The preference for E.
larynx was not exclusive in two of these three trials, though this may be because E. larynx was
quickly depleted in the communal tank after the addition of prey and densities of this hydroid
decreased significantly after the first day or two in the tank. With only a small number of E.
larynx polyps, F. verrucosa increased associations with other prey species. The addition of fresh
prey in tanks after E. larynx experienced a period of decreased density resulted in an increase in
nudibranchs preying on this prey option, indicating that when densities of this prey are high, a
preference for this hydroid over other prey exists.
The current study indicates a preference for E. larynx by F. verrucosa, but as other
hydroids such as S. tubulosa and A. aurita were also preferred to varying degrees, this preference
is considered weak and F. verrucosa may switch its preferred prey when prey densities vary.
This is not unexpected, as the Optimal Diet Theory (Hughes, 1980) predicts that generalist
predators will switch food sources when their preferred prey becomes scarce. However, other
factors besides strict availability, such as age and polyp size, must impact the energetic value of a
prey species, as F. verrucosa did not show preferences for certain species of prey that were
widely available to them during these trials, including Hydractinia echinata and Obelia
geniculata.
It should be noted that two of the four trials did not include A. aurita polyps as a prey
option as they were not readily available in the field or in the lab at that time. Given the
association with A. aurita by F. verrucosa in one of the long-term data sets, and given the large
number of animals found on an aggregation of clones of A. aurita in the field, further studies are
needed to determine where this species falls on the preference hierarchy.
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The various rates at which different prey were consumed by F. verrucosa may have
impacted subsequent prey choices. When preferred prey such as E. larynx decreased in density in
the communal tank, the number of slugs associated with E. larynx declined. The Optimal Diet
Theory predicts that as the highest-ranking prey items decrease in abundance, predators will
expand their diet to include prey that are lower in the preference hierarchy. This could potentially
explain much of the unexpected behavior of F. verrucosa in these long-term trials, such as O.
geniculata ranking at the top of the preference hierarchy in Trial 2. E. larynx had become scarce
at certain points during this trail, and nudibranchs may have been searching out less preferred
prey.
Prey densities at the beginning of long-term trials may have also impacted prey
associations in these studies. A limitation of this study was the inability to standardize prey
amounts due to different growth forms and sizes of the prey. As a result, densities of prey
inevitably varied at the beginning of trials, and continued to vary throughout the trials as
nudibranchs fed on prey items at different rates. As preferences for F. verrucosa seem to be
impacted by prey density, future studies should work to standardize prey for long-term
association trials.
Energetic tradeoff seems to be an important factor for F. verrucosa during prey selection.
F. verrucosa was rarely found feeding on Obelia or Hydractinia in the field (personal
observations), despite availability of these hydroids for most of the year. These hydroids both
have smaller polyps than Ectopleura and Aurelia, though both contain penetrant nematocysts.
The combination of small but well-defended polyps means the benefit of consuming a polyp
from Obelia or Hydractinia may not be worth the energy exerted to obtain it. Hughes (1980) also
suggests that handling time during predation attempts plays an important role in prey selection,
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and that it may change with the age and size of a predator. It is suggested here that smaller
polyps of Obelia and Hydractinia may not be the most efficient for large nudibranch predators to
consume. Either of these factors could have contributed to low predation rates on Hydractinia
and Obelia in this study.
No choice data were excluded from analysis in both the short and long-term term
preference trials. The decision to exclude these data was rooted in the assumption that during
prey association trials, the decision by the nudibranch predator whether to feed was made
independently from the decision on what to feed on or associate with. Other factors besides prey
preferences or associations, such as potentially an insufficient starvation period before trials,
could have impacted the decision by the nudibranch on whether or not to approach a prey item.
However, an alternate argument could be made that a “no-choice” selection is indicative of “no
preference.” To explore this view, data were analyzed a second time for prey association trials
including the no choice data. In the short- term prey association trials, A Chi Square test (p =
0.123) revealed no significant differences among the outcomes. In the long-term study, the
addition of no choice data to the analysis revealed significance associations for each trial (p =
<0.0001 for every individual long-term trial), with the no prey choice outcome preferred
significantly to any other choice. It is unclear whether these no choice outcomes were the result
of the nudibranchs rejecting the prey options offered or whether they were impacted by other
physiological factors, such as reproduction. Further studies should perhaps investigate the
relevance and reason for no choice outcomes for F. verrucosa.
The results of the ingestive conditioning studies indicate that F. verrucosa did not
experience significant conditioning with either Sarsia tubulosa or Obelia geniculata. However,
there are noticeable observational differences between the results of these two experiments, and
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the experimental group fed S. tubulosa seemed to experience more conditioning potential than
those in the group fed O. geniculata. In the S. tubulosa experimental trials, nudibranchs chose S.
tubulosa in the Y-apparatus 3 times more frequently than Ectopleura (Figure 5) although the
result was not significant at [<0.05. In contrast, in the O. geniculata experimental trials, F.
verrucosa chose O. geniculata equally as compared to the controls. This difference could be
indicative of a stronger prey preference for S. tubulosa. The strong prey association between F.
verrucosa and S. tubulosa in Trials 2 and 3 of the long-term prey association studies, and the low
preference for O. geniculata during most of the prey association trials, suggests that preferences
for these hydroids may impact the level at which F. verrucosa could be conditioned on them.
The difference in prey association in the ingestive conditioning trials is perhaps not
surprising, as many other authors have noted inconsistencies in ingestive conditioning trials.
Avila et al. (1998) found that Hermissenda crassicornis altered its behavior in a Y-maze due to
past diet history, but behavior was variable depending on which prey item was tested. H.
crassicornis detected Ectopleura in a Y-maze apparatus if they were fed Ectopleura as a
maintenance diet, but those that were fed other prey choices no longer responded to Ectopleura.
For example, Ciona was only detected by slugs that had been fed Ciona (Avila et al., 1998).
These observations suggest that past diet may impact future prey choices. However, no
nudibranchs in this study were able to detect Mytilus or M. senile, even if they had been
conditioned on these diets. H. crassicornis is a generalist predator, and has shown to have higher
growth rates when reared on species of the Ectopleura (Tyndale et al., 1994). This fact,
combined with the results of the study by Avila et al. (1998), suggests that H. crassicornis is
more likely to respond chemotactically to prey it prefers or has experience with than prey it eats
out of necessity. This could be the case with F. verrucosa in these trials, as many more
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nudibranchs appear to have had experience with Sarsia tubulosa in the long-term trials than
Obelia geniculata.
Another potential source for the difference in ingestive conditioning potential may be
attributed to the fact that S. tubulosa is an athecate hydroid, while O. geniculata is a thecate
hydroid. Thecate hydroids contain a hydrotheca (Ralph, 1956), cup-shaped formations on the
hydroid that protect the hydranths of the animal. The added protection of the hydrotheca in O.
geniculata may decrease the likelihood that F. verrucosa will attempt to prey on them, as the
hydrotheca constitutes an energetic burden for the nudibranch.
Nematocysts may also have been a deterrent in prey choice for these nudibranchs in both
the preference trials and conditioning trials. Edmunds (1974) suggested that the aeolid Aeolidia
papillosa could chemotactically detect defensive acontian nematocysts from Metridium senile
from a distance in the laboratory. Acontian nematocysts are typically the largest nematocyst in
an anemone’s cnidome, sometimes by a factor of two or three (Greenwood, 2009). Hydroids also
contain varying types and concentrations of nematocysts, some of which can harm the
nudibranch (Russell, 1938). Nudibranchs are especially susceptible to non-prey cnidarian
nematocysts (Grosvenor, 1903). The possibility that F. verrucosa could be more susceptible to
the defensive nematocysts in O. geniculata cannot be discounted. Frick (2003), while
researching whether the presence of nudibranch predators impacted the types of nematocysts
incorporated by the nudibranch F. verrucosa, discovered that the presence of two predators
caused an increase in microbasic mastigophores that were retained by the nudibranch. In her
experiment, the source of microbasic mastigophores was O. geniculata; as the other prey option
was Ectopleura, which does not carry this type of nematocyst (Frick, 2003). Interestingly, Frick
noted that while predator preferences were not documented in this experiment, observations
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indicated that F. verrucosa preferred Ectopleura. The increase of microbasic mastigophores in
the nudibranch’s cnidosacs in response to predators but their apparent preference for Ectopleura
indicates that O. geniculata may be helpful in the defense of the nudibranch. In this study, there
were no predators present in the Y-maze to initiate a response by the nudibranch. The lack of
predators in this study could have inversely impacted the nudibranch’s likelihood of feeding on
O. geniculata, even after conditioning. Some nematocysts can prove fatal to nudibranch
predators (Harris, 1973) and the risk of acquiring defensive nematocysts such as microbasic
mastigophores may not be a worthy tradeoff in the absence of natural predators.
Future research should address the many potential factors that may influence prey
associations of nudibranchs. Age and size of the nudibranch predator should be taken into
account in prey association trials. Some nudibranchs have been found to have varying dietary
habits with age, such as Cuthona nana, in which the juveniles feed mainly on H. echinata mat
tissue, while adult specimens typically fed on polyps (Folino 1993). Harris and Howe (1979) also
noticed differing habits with age, and observed that small individuals of Aeolidia papillosa (<
15mm in length) were typically found within 2cm of their anemone prey, whereas adult
individuals were scattered. This implies that nudibranchs may not leave a prey source until they
are large enough to store enough energy to travel from one prey source to another. Investigating
prey associations in varying sizes of nudibranchs could help define the relationship that age may
have on prey associations.
Future studies should also take care to document the prey item that slugs were found on
in the field. Though Tyndale et al. (1982) indicates that Aeolidia papillosa is susceptible to
preference changes after lengthy conditioning on non-preferred species, Trowbridge (1991)
found that sacoglossans were unable to be maintained on species that they were not found on in
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the field. The role that past prey choices play in the diet of F. verrucosa is unclear, but
preference studies that take into account the prey that specimens are found on could help to
define whether diet selections in the field impact subsequent feeding choices.
Intraspecific competition may also have impacted prey associations in the long-term
study, and future research should address this bias. A study by Macleod and Valiela (1975)
investigated the effect of conspecific competitors in relation to prey consumption. They found
that predation decreased when there was increased conspecific competition on the same colony
of Ectopleura. The current study included 30 nudibranchs in the same tank, which could have
impacted prey associations. While no indications of aggressive behavior were reported during
the trials, aggression in slugs, including cannibalism, was observed in the lab between trials
when food availability decreased. Though food was presumably in enough supply to prevent this
type of aggression during trials, conspecific competition cannot be discounted. If the objective is
to determine true prey preference, future work could examine this bias by performing long-term
association trials with individual nudibranchs as well as long-term trials with groups of
nudibranchs. Future studies could also incorporate field surveys to quantify nudibranchs
associated with each species in varying habitats. This could remove any conditioning of diet that
might occur in lab studies and would indicate which prey species are commonly utilized in the
field.
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CHAPTER 2: HISTOLOGY OF THE DIGESTIVE SYSTEM OF FLABELLINA
VERRUCOSA
Introduction
In order to understand the full scope of biological processes occurring within an
organism, both structure and function of the anatomy must be taken into consideration. To
achieve this, both morphological studies as well as investigation of the ultrastructure of an
organism are beneficial. Morphological and histological studies are especially important for
highly diverse phyla, such as the Mollusca, which exhibit a wide range of body plans and thus,
rely on physical characteristics for characterization of species (Lobo-da-Cunha, 2019).
The Class Gastropoda contains the highest species diversity among any group in the
phylum Mollusca (Brown and Lydeard, 2010). Gastropods exhibit various life strategies and
feeding mechanisms, which have caused significant modifications amongst their body plans.
Given their diverse nature, many studies detailing the anatomy of gastropods have been
completed (Mendel and Bradley, 1905; Fretter and Graham, 1962; Katsuno and Sasaki, 2008).
The digestive system has been of particular interest within this class, as it exhibits various
modifications to suit the niche of each species (Kolb, 1998). The majority of anatomical studies
on gastropods, however, have focused on gross morphology and have left gaps pertaining to
cellular level anatomy and physiology in the literature (Ponder and Lindberg, 1997; Wägele,
1998).
In 1926, C.M. Yonge established relationships between anatomical structures and their
physiological processes in molluscan digestion for the first time (Yonge, 1926a; 1926b).
Subsequently, digestive studies on morphology and physiology were undertaken for
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prosobranchs (Graham, 1932; 1939; Fretter and Graham 1962), pulmonates (Carriker, 1946a;
1946b; Carriker and Bilstad, 1946), and heterobranchs (Millott, 1937; Graham, 1938; Fretter,
1938; Forrest, 1953). Comparisons of molluscan stomachs were also completed by Graham,
though this did not include heterobranchs (Graham, 1949).
In regards to Heterobranchia, a taxonomic group within the Gastropoda that contains a
wide species diversity, general knowledge of the morphological and microscopic anatomy can be
beneficial both in determining the function of an organ or tissue, and can also be useful for
identification and taxonomic purposes (Haase and Karosson, 2000; Mikhlina et. al, 2017).
Heterobranch digestion was researched by Alder and Hancock (1845), and then by Hancock and
Embleton (1852). These were morphological descriptions from dissections as well as
physiological studies. The focus on morphology in these studies is not surprising, as whole
anatomical features were used to classify nudibranchs during early research of this group
(Wägele, 1998). Few early researchers considered histology for identification purposes, or for
insight into physiological processes, and those who did typically studied one organ in detail
instead of the whole animal or an entire body system (Morse, 1966).
While histological accounts of molluscan digestive systems appear in the nineteenth
century (for example: Barfurth, 1880; 1881; 1883), histology of heterobranch digestive systems
was not heavily researched until the 1930’s by Rousseau (1934; 1935). Rousseau investigated the
histology of the digestive gland in aeolids, which he referred to as the liver (Rousseau, 1934;
1935). He distinguished four different cell types in the histological sections of the digestive
gland, and he was the first to suggest a secretory function of the digestive epithelium. Millott
(1937) investigated the anatomy and histology of the digestive system of Jorunna tomentosa
Cuvier, 1804, a dorid nudibranch, and Graham (1938) investigated the alimentary canal of
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various aeolid nudibranchs. There were some earlier descriptions of heterobranch digestive cells
by Frenzel (1883; 1885; 1886), who recognized only three different digestive cell types, and
Hecht (1895) who published an extensive account of dorid nudibranch histology including
information on the digestive system (Hecht, 1895). The accounts by Millott (1937) and Graham
(1938), however, were the first studies to focus exclusively on the histology and physiology of
the alimentary canal in nudibranchs.
Graham’s (1938) account of nudibranch digestion is significant for many reasons. The
first is that it described the appearance of nematocysts in the digestive tract of aeolid nudibranchs
that eat hydroids, adding evidence to the theory that nematocysts are sequestered from the
nudibranch’s prey as opposed to formation in situ. Graham (1938) also noted that aeolid
histology appears to be relatively uniform amongst the group, with minor exceptions. He
speculated that his findings would be consistent with other aeolid studies. This was in opposition
to Henneguy (1925) who noted the variation amongst aeolid species in regards to their digestive
glands. Henneguy’s account was the first to describe a ciliated epithelium in the digestive gland.
After Millott (1937) and Graham (1938) published their accounts on nudibranch
digestion, other histological descriptions of nudibranch digestion were published. Morse (1966)
investigated the digestive system of the dorid nudibranch, Acanthodoris pilosa Abildgaard, 1789,
and histology was a major focus of her study. Multiple body systems, including digestive, were
investigated histologically by Schrödl and Wägele (2001) for the dorid nudibranch Corambe
lucea (Marcus, 1959). Brodie (2005) also investigated the morphology and histology of each
body system in the nudibranch Dendrodoris maugeana Burn, 1962, also a dorid nudibranch.
Very few comprehensive histological studies on digestive systems have been completed to date
on aeolid nudibranchs, however.
43

Several studies on the buccal apparatus have been completed for the Nudibranchia, with
the intention of relating the specialization of the apparatus to the type of prey consumed (Young,
1966; Rose, 1971; Garcìa and Garcìa-Gòmez, 1990; Crampton, 2010; Mikhlina et. al, 2015;
2017). Crampton (2010) found that the dorid nudibranch, Onchidoris bilamellata has a
specialized buccal pump to help it extract individual barnacles from their shell. Investigation of
these specialized structures could lead to helpful insights about the diet of a nudibranch, as an
increase in anatomical specialization can indicate a specialist predator as opposed to a generalist
predator.
Histological observations of nudibranchs can also be beneficial for taxonomic or
systematic purposes. Because of the species diversity that occurs within this group, the
systematics of nudibranchs have been controversial for well over 70 years (Carmona et. al,
2013). In aeolids, a range of factors including ceratal arrangement, the shape of the radular tooth,
the position of the anus, and the position of the rhinophores have all been used to help place
species phylogenetically, but there is little agreement over which of these characteristics is most
important in identification (Carmona et. al, 2013). More data on the microscopic anatomy of
nudibranchs may help to identify relevant characteristics for taxonomic purposes. Some
microscopic structures, such as rhogocytes, vacuolated cells, mantle rim organs, mantle dermal
formations (MDF’s), blood glands, gill glands, and glandular stripes, are present in some species
of heterobranchs and have been useful in phylogenetic studies (Wägele, 1998). MDF’s are
multicellular, vacuolated structures that contain a range of chemicals speculated to be involved in
chemical defense. These are particularly helpful during classification, as they have only been
reported in dorid nudibranchs to date (Carbone et al., 2013; Moles et al., 2016). The radula is
also an important structure involved in phylogenetic studies (Katsuno and Sasaki 2008).
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Reproductive and digestive tissues have also been useful in identification of heterobranch
molluscs. Genital morphology plays a central role in nudibranch identification and systematics
(Haase and Karosson, 2000). While nudibranchs are hermaphrodites, internal reproductive
anatomy can differ between species (Haase and Karosson, 2000). Hypselodoris tricolor
Cantraine, 1835, a dorid nudibranch, and Godiva banyulensis Portmann and Sandmeier, 1960, an
aeolid, were studied with the intent of comparing the histology of reproductive tissue (Medina, et
al. 1986). They found that the reproductive tissue was intimately associated with digestive tissue
in H. tricolor, while the reproductive tissue was found freely floating in the body cavity of G.
banyulensis (Medina, et al. 1986). This study highlights the anatomical variation that can occur
across the Nudibranchia, and the need for follow up studies on comparative histology of aeolid
and dorid nudibranchs. The differences found between species in regards to reproductive and
digestive tissue could prove useful for distinguishing between species that morphologically look
very similar.
The Flabellinidae are a diverse group of nudibranchs containing at least 74 species
(Korshunova et al., 2017). Flabellina is the largest genus in this family (Schulze, 1998).
Flabellina is defined by its heterogeneity, and this is exacerbated by the fact that some species
exhibit derived characteristics while some show advanced ones (Schulze, 1998). There are at
least 11 important characteristics in the identification of Flabellina (Fischer et al., 2007). Some
of these characteristics are external, such as pedunculated cerata and oral tentacles with the same
length as the rhinophores, but some characteristics, such as the presence of a triseriate radula,
must be examined microscopically (Furfaro et al., 2018).
As detailed in the general introduction, the taxonomy of this group has been updated to
reflect the joining of the families Coryphellidae and Flabellinidae, as no distinguishable
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differences have been noted recently between these two groups morphologically (Marcus and
Marcus, 1967; Gosliner and Griffiths, 1981). With the taxonomic status of this group historically
in question, it is imperative to investigate the morphological and histological anatomy, which,
coupled with genetic analyses, could help restructure the phylogeny of this family.
Despite the speciose nature of the family Flabellinidae, and their wide geographic
distribution, data detailing their microscopic anatomy are scarce. Historically, most species
descriptions for this family have focused on external biological features (Alder and Hancock,
1845-1855; Thompson and Brown, 1979; Kuzirian, 1977) rather than internal characteristics.
Some species in this family have been the subject of histological studies, such as Flabellina
pedata Montagu, 1815. While F. pedata had some data available in regards to histology
(Schmekel, 1970), a complete histological description was not completed until 1998 by Schulze
(1998).
A separate account by Schulze and Wägele (1998) investigating the anatomy of
Flabellina affinis Gmelin, 1791 is the only known full and current descriptive account to the
author’s knowledge of a Flabellina species that combines both histological and morphological
observations. Morphological studies are available for species in this family, but few are
accompanied by histological studies. In their account, Schulze and Wägele (1998) described the
presence of an indistinct glandular stripe on the right notal edge of the animal, which is
significant as glandular stripes and their position within a nudibranch have been used to identify
and classify aeolid nudibranchs (Wägele, 1991).
A study by DaCosta et al. (2007) used histological serial sections and a computer-based
3D reconstruction model to describe the internal anatomy of a new species of flabellinid,
Flabellina engeli lucianae DaCosta, Cunha, Simone and Schrödl, 2007. While this study was not
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as comprehensive in regards to histology as the study by Schulze and Wägele (1998) for
Flabellina affinis, the relatively new 3D modeling method coupled with the histological sections
allowed for an in-depth investigation of the internal anatomy of a species that would have
otherwise been difficult to study morphologically due to its small size.
The study organism for this research, Flabellina verrucosa Sars, 1829, has been
described morphologically but has rarely been described histologically. Mikhlina et al. (2015)
described in detail the histology of the buccal complex of this species, as well as provided
pictures of the anterior portion of the digestive system. This information was used to create a 3D
model of the buccal complex to investigate the method of feeding in this species (Mikhlina et. al,
2015). The authors simulated how prey is most likely taken into the buccal cavity by negative
pressure and then ground down by the radula. This finding is significant because it is unique to
this species and can only be compared to two Dendronotus species that contain vastly different
radulas (Mikhlina et. al, 2015). These data codify the need to describe in histological detail the
buccal apparatus and digestive tract of more nudibranch species in order to make comparisons
among families. These histological studies would also benefit this group in regards to
systematics, as the buccal complex is a major taxonomic consideration in the phylum Mollusca
(Mikhlina et al, 2017).
Flabellina verrucosa is unlike many other nudibranch species, as it is a generalist
predator, feeding on a number of cnidarian prey (Kuzirian, 1979; Frick 2003). This makes them
attractive to study as they may give insight into the biology of generalist nudibranch predators
(Mikhlina et al., 2015).
The purpose of this study was to use histological sections to investigate and describe the
digestive system of the nudibranch Flabellina verrucosa.
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Materials and Methods
Two specimens of Flabellina verrucosa were collected on the floating docks at the
Coastal Marine Laboratory in New Castle, New Hampshire. Both specimens were kept in a
temperature-controlled room at the University of New Hampshire. The tanks were kept at 8.512.5ºC and salinity was maintained at 32-34 ppt. The nudibranchs were kept on a diet of various
hydroids until they were preserved and sectioned. The diet was determined by which hydroids
were readily available in the field.
Nudibranchs were preserved in formalin and then delivered to the Veterinary Diagnostic
Laboratory at the University of New Hampshire where they were embedded in paraffin wax,
sectioned longitudinally and stained using a standard hematoxylin and eosin stain. Any
observations on color throughout this chapter refer to this type of staining only.
Images were taken at Saint Anselm College, in Manchester NH using an Olympus BX60
microscope with an attached Olympus DP71 camera apparatus. The images included in this
chapter were taken from a series of longitudinal sections which originated from the two separate
specimens of F. verrucosa.

Results

General Description
Flabellina verrucosa (Figure 6) has a digestive system that spans almost the entire length
of its body. The mouth is found at the anterior portion of the animal, while primary and
secondary liver ducts extend to the posterior end of the animal. The buccal complex is located
directly behind the mouth and opens into the esophagus. A short esophagus leads into a cone
shaped stomach, which is attached to both primary liver tubules as well as a short intestine. The
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intestine appears to branch towards the dorsal edge of the animal, while various liver ducts reach
towards the anterior and posterior end and eventually branch into secondary liver tubules which
extend into the cerata. Each ceras is filled with digestive gland and is terminated with a muscular
cnidosac which contains nematocysts.

Figure 6: A longitudinal section of Flabellina verrucosa. The buccal complex is contained in the
black rectangular outline and is located near the anterior portion of the animal.
Abbreviations: bc – buccal cavity; ce – ceras; cn – cnidosac; dg – digestive gland; fo – foot; in –
intestine; m – mouth; od – odontophore; og – oral glands; pld – primary liver duct; ra – radula; rh
– rhinophore; rs – reproductive tissue; sg – salivary gland; sld – secondary liver duct

Histological Description
In Flabellina verrucosa (Figure 6), the alimentary canal begins with the mouth opening.
The mouth is found at the anterior end of the animal, on the ventral surface. The mouth is
surrounded by a curved outer lip (Figure 7-A). The walls of the mouth are muscular and exhibit
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fibers running across various planes. These muscle fibers become more concentrated at the inner
portion of the lip, and continue to increase in concentration deeper into the tissue layer. This
deeper muscle tissue surrounds the oral tube.

Figure 7: A longitudinal section of the mouth opening of Flabellina verrucosa. A: The outer lip
and oral tube surrounded by muscle tissue, 40x magnification. B: The oral tube at 100x
magnification. Sub-epidermal oral glands are stained deep-purple.
Abbreviations: l – lip; mc – mucous cells; m – mouth; mu – muscle surrounding the oral tube; og
– oral glands; ogd – oral gland duct; ot – oral tube

Just beyond the opening of the mouth is the oral tube which leads into the pharynx - or buccal
cavity - of the animal. The oral tube is composed of a simple layer of cuboidal cells (Figure 7-A,
B). Some portions of the oral tube were found to contain a microvillar cuticle (Figure 8). The
mouth opening and oral tube are lined with tightly packed, multicellular sub-epidermal oral
glands. The ducts of these glands consist of simple to stratified columnar cells that are ciliated
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(Figure 7-B). Large mucous cells are present throughout these glands, mainly staining a deep
purple color. The oral glands of the mouth and oral tube are surrounded by a thick layer of
muscle containing fibers running in various directions.

Figure 8: Cuticle lining the oral tube, 400x magnification.
Abbreviations: cu – cuticle; ot – oral tube; ote – oral tube epithelium

The oral tube leads into the buccal cavity (Figures 9 and 10). The buccal cavity is also
lined with a simple epithelium ranging from cuboidal to columnar cells which produce a cuticle
on the apical surface. The walls of the buccal cavity contain two buccal folds that lack a cuticle,
one of which is much larger than the other (Figure 9-A). The smaller fold lies ventral to the
larger fold. Both folds are muscular, and contain a simple layer of cuboidal cells that are lined
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with cilia. The smaller fold contains many goblet cells within the epithelium. These goblet cells
are present but less common in the larger fold (Figure 9-B).

Figure 9: A: The two buccal folds that appear in the buccal complex of Flabellina verrucosa.
Magnification: 40x. B: Details of the small buccal fold of the buccal complex. Note the
presence of numerous goblet cells in the epithelium of this fold. Magnification: 100x.
Abbreviations: bc – buccal cavity; c – cilia, gc – goblet cells, lf – large fold of the buccal
complex, sf – small fold of the buccal complex

Within the buccal cavity lies the radular apparatus (Figure 10-A). This structure occurs in
the posterior portion of the buccal cavity, towards the ventral side, and takes up a substantial
amount of space in the buccal mass. The radular apparatus consists of the odontophore, radular
sheath, and radula.
The radula is a hard structure, containing many teeth (Figure 10-A,C). The teeth of the
radula are triangular-shaped, and are slightly curved at their distal point. Radular teeth lay in a
thin radular membrane, which sits on top of another membrane which varies in length along the
radula. Surrounding the radula is the radular sheath, which consists of the supraradular
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epithelium and the subradular epithelium (Figure 10-C). The supraradular epithelium surrounds
the apical surface of the radular teeth and contains cells of various sizes. These cells have a dark
purple-stained nucleus. The subradular epithelium occurs under the radula and subradular
membrane and contains columnar cells of varying heights.
The terminal end of the radular sheath contains two distinct types of cells, odontoblasts
and membranoblasts (Figure 10-B). Odontoblasts occur at the posterior edge of the radular
sheath and appear columnar, but have varying heights. The nuclei are distinctly oval-shaped and
are mainly positioned basally. Membranoblasts are located ventrally to the odontoblasts and are
less distinctly shaped. Very few membranoblasts were seen on the prepared histological slides,
but in the ones present the nucleus was round.
The radula rests on the odontophore, a structure composed of both muscles and the
radular bolster (Figure 10-A). The anterior edge of the odontophore is exposed to the buccal
cavity and is lined with simple cuboidal cells secreting a thick cuticle. The cuticle is stained
lightly pink. This should not be confused with the jaw, which lies in close proximity to the
odontophore in some histological sections, but stains a darker pink color (Figures 11-A, B).
The radular bolster is positioned between two distinct muscles groups, M1 and M2
(Figure 10-A). Cells of the radular bolster vary a great degree in size and shape, and are also
highly vacuolated. Many of these cells lack a nucleus. M1 lies directly ventral to the radular
bolster, while M2 runs along the posterior and dorsal sides of the radular bolster. There is a
cavity between the radular bolster and M2 which is not present between the radular bolster and
M1. A third section of muscle, M3, is found dorsal to the radula and appears to be smaller than
the muscle surrounding the radular bolster.
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Figure 10: The radula and odontophore of Flabellina verrucosa. A: Longitudinal section of the
odontophore and radular complex, 40x magnification. B: Membranoblasts and odontoblasts of
the radular complex, 400x magnification. C: Radular teeth, 400x magnification
Abbreviations: bc – buccal cavity; cu – cuticle; M1- first group of muscles; M2 – second group
of muscles; M3 – third group of muscles; mb – membranoblasts; od – odontoblasts; rb – radular
bolster; rs – radular sheath; rt – radular tooth; sub – subradular epithelium; sup – supraradular
epithelium.
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Figure 11: A. The jaw of Flabellina verrucosa at 40x magnification (A) and 200x magnification
(B).
Abbreviations: bc – buccal cavity; cu – cuticle; j – jaw; mu – muscle tissue; sg – salivary gland
Salivary gland ducts are present in the buccal complex and open into the buccal folds.
There is also a salivary duct present running through the radular bolster of the odontophore
(Figure 12). The duct running through the odontophore is lined with muscle tissue and includes
an uneven stratified layer of cells with purple-staining nuclei that are heavily ciliated. Scattered
between these cells are numerous round goblet cells.
The salivary glands appear dorsal to the buccal complex (Figures 6 and 11-A). The gland
contains purple-stained cells with nuclei that stain a much darker purple. The nucleolus is visible
in the nuclei, and so are numerous dark purple-stained granules. Numerous goblet cells of
varying shape are present in the salivary glands, resting between the purple-stained cells. The
salivary gland contains small ducts which lead into the larger, ciliated duct which runs through
the odontophore.
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Figure 12: Salivary ducts running through the musculature of the odontophore. Note the
presence of cilia within the ducts. A. Magnification: 40x. B. Magnification: 200x.
Abbreviations: c – cilia; es – esophagus; gc – goblet cell; j – jaw; mc – mucous cells; mu –
muscle tissue; sd – salivary duct

The esophagus in F. verrucosa is short and found dorsal to the buccal complex. The
esophagus is composed of simple columnar cells that are lined with a thin cuticle (Figure 13).
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Portions of the anterior esophagus appear folded. The esophagus leads into the stomach, which is
cone-shaped and lined with a ciliated simple columnar epithelium (Figure 14). The wider end of
the stomach appears anteriorly, with the apex appearing posteriorly. There are numerous gastric
folds occurring in the stomach which appear to be varying heights. Near the anterior portion of
the stomach are what appear to be ducts, similar in structure to the secondary liver ducts
described below, though no direct connection to the stomach can be found in the histological
sections.

Figure 13: Cuticle of the esophagus and buccal complex. Circular muscle fibers can be seen
surrounding the esophagus and buccal complex. Magnification: 100x.
Abbreviations: bc – buccal complex; c – cuticle; es – esophagus; mu – muscle tissue
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Figure 14: The cone-shaped stomach of Flabellina verrucosa. Note the numerous folds within
the epithelium. Magnification: 40x.
Abbreviations: l – lumen; sf – stomach fold

The intestine originates from the anterior portion of the stomach and extends towards the
dorsal side of the animal (Figure 15). The intestine contains a pseudostratified columnar
epithelium with cilia, and at least one typhlosole (Figure 15). The typhlosole is lined with the
same type of epithelium as the rest of the intestine, though the interior portion contains lightly
purple stained connective tissue. The typhlosole is highly folded in some areas and less folded in
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others. It is unclear whether there is one long, continuous typhlosole or whether there are
multiple typhlosoles present in the intestine.

Figure 15: The transition between the stomach and the intestine in Flabellina verrucosa. Note
the folds in the stomach and the dorsal typhlosole in the intestine. Magnification: 40x.
Abbreviations: ct – connective tissue; dt – dorsal typhlosole; in – intestine; sf – stomach folds;
st– stomach

On the posterior side of the stomach is the primary liver duct (Figures 6 and 16). This
liver duct is comprised of ciliated simple columnar epithelium. The primary liver duct is highly
folded throughout the animal, and could be seen in numerous histological sections ranging from
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just posterior to the stomach through to the posterior tip of the animal. It appears that this larger,
primary liver duct runs through the body cavity of the animal, with smaller, secondary ducts
leading into each ceras (Figure 17). The smaller, secondary ducts are almost identical to the
description of the digestive gland below.

Figure 16: A section of the primary liver tubule of Flabellina verrucosa. Magnification: 200x.
Abbreviations: c – cilia; gc – goblet cell; l – lumen

Within the cerata lies the digestive gland (Figures 17 and 18). Glandular tissue makes up
most of the digestive gland, running almost the entire length each ceras. The glandular portion
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appears to have only one cell type – digestive cells. These cells are indistinct, varying heights,
and are heavily vacuolated. Numerous deep-pink stained granuoles are also present in these cells.
Throughout the digestive gland in both nudibranchs, unidentified, rounded purple-stained
structures were found (Figure 18-B). These structures were variable in size and seemed to be
heavily vacuolated. These structures were much more common in one nudibranch specimen than
the other.

Figure 17: The primary liver duct, secondary liver duct, and cerata of Flabellina verrucosa.
Magnification: 40x.
Abbreviations: ce – ceras; cn – cnidosac; dgc – digestive cavity; dg – digestive gland; pld –
primary liver duct; sld – secondary liver duct
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The tips of the cerata contain a cnidosac (Figures 18-A, 19), used for storage of
nematocysts. The cnidosacs are lined with a thin layer of circular muscle fibers. The digestive
gland is connected to the cnidosacs via a muscular sphincter. The cnidosac is terminated at a
pore at the tip of the ceras. The cnidosac contains visible nematocysts which are round to oval in
shape and stain a deep pink color.

Figure 18: Cerata and digestive gland of Flabellina verrucosa. A: The muscular cnidosac at the
terminal end of each ceras. Nematocysts are stained deep-pink. Magnification: 100x. B:
Digestive gland of the cerata at 400x magnification.
Abbreviations: cn – cnidosac; dc – digestive cell; dca – digestive cavity; dg – digestive gland; gr
– granules; mu – muscle tissue surrounding cnidosac; n – nematocysts; nu – nucleus of digestive
cell; unk – unknown; v - vacuole
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Figure 19: The cnidosac of Flabellina verrucosa filled with various types of nematocysts. Note
the muscle tissue that lines the cnidosac.
Abbreviations: cn – cnidosac; de – dermis; dg – digestive gland; gc – goblet cell; n – nematocyst

Discussion
The digestive system of Flabellina verrucosa appears similar to that of other aeolid
nudibranchs reported in the literature (Graham, 1938), and many of the anatomical features of
the digestive system seem to have evolved in a manner to assist the nudibranch in obtaining prey
that would normally be harmful to other animals. The alimentary tract opens with the mouth
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(Figure 7), continues into the oral cavity, which eventually opens into the buccal complex
(Figures 9 and 10-A). The oral tube (Figures 7 and 8) and lips of the nudibranch are lined with
many large mucus-secreting sub-epidermal glands (Figure 7). The heavy presence of these oral
glands is not surprising, as nudibranchs are thought to protect themselves from nematocysts from
their prey by expelling copious amounts of mucus during feeding attempts (Greenwood et al.,
2004).
F. verrucosa would especially benefit from copious mucus secretions in the buccal
region, as it preys upon many different species of hydroids (Chapter 1) that contain various types
and potencies of nematocysts. Though F. verrucosa was not commonly observed in this study
feeding on Hydractinia echinata, other authors have documented predation on this hydroid
(Kuzirian, 1979) by F. verrucosa. F. verrucosa is susceptible to nematocysts of H. echinata and
will perish if it is dropped into the center of a colony (L.G. Harris, pers. communication). These
observations suggest that F. verrucosa is less susceptible to potent nematocysts if they come into
contact with the mouth as compared to the rest of the body. The evidence from the current
histological study suggests two mechanisms for this: copious amounts of mucus secreted by the
epithelium of the lips and oral tube, and a cuticle that is found to line portions of the mouth and
buccal cavity (Figures 8 and 13). It is speculated that together, these two structures help protect
the nudibranch from incoming cnidocytes contained in their prey. The small, mucus-filled oral
glands were also reported by DaCosta et al. (2007) in Flabellina engeli lucianae but were
reported as absent in Flabellina athadona (Bergh, 1875) by Baba (1987a). This suggests that
different environments have variable pressures that may have influenced the evolution of these
glands, the most likely of these being the diet of the nudibranch. This inconsistency also
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indicates that oral glands of the mouth and lips may not be a helpful feature in identification or
classification of Flabellinids.
The lips of F. verrucosa contained thick layers of muscle fibers and the muscle tissue
increased in density deeper in the tissue as it approached the oral tube (Figure 7). Given the
numerous directions the muscle fibers were running, it is speculated that these fibers help the
animal to open and close its mouth during feeding attempts. The dense muscle fibers running
across various planes would give the nudibranch a wider range of motion than fibers running in
one direction, suggesting the mouth is flexible and has a wide expansion. The buccal folds also
contain this multidirectional musculature, most likely to aid in expansion (Figure 9). A wider
expansion of the mouth may allow the nudibranch to ingest hydroid polyps with little chance of
the polyp coming into contact with the outer epidermal layer which may cause harm to the
animal.
The esophagus in F. verrucosa was not only lined with a cuticle (Figure 13), but it also
appeared to be folded, especially near the anterior portion. These folds also contained a thin
cuticle. The folds probably evolved as a mechanism for expanding the esophagus during feeding
attempts to accommodate a large amount of food, as F. verrucosa feeds on hydroids with varying
sized polyps.
Two epithelial folds, which probably function in expanding the mouth during predation
attempts, are found in the walls of the buccal complex (Figure 9). The epithelial cells of these
folds are ciliated, as are the salivary ducts that open into these buccal folds. The cilia in the wall
of the buccal complex and these folds may help to move food toward the back of the buccal
complex, while the cilia in the salivary ducts may be useful in propelling saliva from the ducts
into the buccal cavity. Salivary ducts were present running through the musculature of the
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odontophore, signifying the necessity of this structure in the buccal complex for feeding.
Salivary glands were described as absent from most aeolids by Alder and Hancock (1845-1855),
but they have since been described in numerous aeolids species (Graham, 1938; Miller, 1977;
Willan, 1983; Schulze and Wägele, 1998; DaCosta et al., 2007). The complexity of these glands
seem to vary within each family, suggesting they are more useful for some nudibranchs based on
feeding biology. The salivary glands being separate from oral glands around the mouth in F.
verrucosa suggest that the salivary glands maintain an important function in this animal.
Increased saliva during feeding attempts most likely lubricates the buccal complex and
esophagus for swallowing, but may be another mechanism to limit the harm imposed by
nematocysts.
The stomach of F. verrucosa was highly folded (Figures 14 and 15), though the height of
these folds varied. Graham (1938) also found these stomach folds present in Eolidina alderi
Cocks, 1852, and speculated they may be useful for expansion of the stomach during feeding.
Graham described one large consistent fold in the stomach of E. alderi, which he did not find in
Facelina drummondi Winckworth 1932 or Cratena glotensis Alder and Hancock, 1846, though
smaller folds were present in these species. No large consistent fold was seen in F. verrucosa.
The folds in F. verrucosa were small but numerous, which would be more effective at increasing
surface area than one large fold. The numerous, small folds may have evolved to handle the large
number of polyps that F. verrucosa consumes in a day (Hernroth and Gröndahl, 1985).
Schulze and Wägele (1998) did not find folds in the stomach of Flabellina affinis, nor did
Fischer et al. (2007) find them in Flabellina cerverai Fischer, van der Velde and Roubos, 2007.
The variation in the appearance of the stomach between F. affinis, F. cerverai, and F. verrucosa
is notable, as all are in the same family. However, these nudibranchs are endemic to different
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parts of the world, signaling that the variable presentation of the stomach may be due to different
diets or evolutionary histories.
At least one dorsal typhlosole was found in the intestine (Figure 15). Many folds were
present in the typhlosole, indicating this structure evolved to increase digestive surface area. A
typhlosole was present in every histological section that showed the intestine, though the shape
varied from rounded towards the stomach to a flatter, squished appearance near the dorsal side of
the animal. Without morphological studies it is unclear whether the typhlosole runs through the
entire intestine, or whether there may be more than one typhlosole, as reported in Flabellina
affinis (Schulze and Wägele, 1998).
Several authors (Graham, 1938; Miller, 1971; Baba, 1987a; 1987b; DaCosta et al., 2007;)
note the presence of three liver ducts (two anterior and one posterior) that leave the aeolid
stomach and function to carry digestible material to the cerata. Duct-like structures were found
around the anterior portion of the stomach, but no histological section examined in this study
showed a point of connection between the stomach and the ducts, and it was not distinguishable
how many different ducts were present. The ducts, however, are histologically similar to the
secondary liver ducts found posterior to the stomach, which branch from the primary duct. Based
on this similar histology as well as the supporting literature, it is speculated that F. verrucosa
does have at least one liver duct – most likely two - leading anteriorly from the stomach to
supply anterior cerata, as well as a third which leaves the stomach posteriorly. The duct that
likely leaves the stomach posteriorly can be seen running through the animal, extending from the
stomach to the posterior edge of the animal just under the last ceras (Figure 17). This posterior
duct seems to be larger than the anterior ones, and the posterior duct contains many folds in the
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inner tissue, which are not present in the ducts leaving the anterior portion of the stomach. This
suggests that the posterior duct supplies the majority of the cerata in the animal.
The digestive gland (Figures 17 and 18), which is highly folded forming numerous
diverticula, extends into each ceras. The glandular portion of the digestive gland can be seen in
much of the secondary liver ducts as well as the cerata. A digestive gland has also been found in
the liver duct of Eolidina alderi as reported by Graham (1938), but Schulze (1998) reports that
the digestive gland of F. pedata is limited to the cerata. The digestive gland in F. verrucosa was
found to contain only one type of cell, digestive cells, and these cells were heavily vacuolated
and contained many granules. The cells were indistinct and it was difficult to distinguish
between individual cells of the digestive gland. The number of cells in the digestive gland seems
to vary among aeolids. Frenzel (1886) reported three types of digestive cells in aeolid
nudibranchs, while Hecht (1895) reported four types. Graham (1938) describes three types of
cells in the digestive gland of Eolidina alderi: zooxanthellae, lime cells, and digestive cells,
though the zooxanthellae are known to be acquired from prey (Graham, 1938). His studies of
Facelina drummondi and Cratena glotensis showed the same cells found in E. alderi, with the
exception that zooxanthellae were not present. Schulze (1998) reported only one type of cell in
the digestive gland of Flabellina pedata besides the sequestered nematocysts: digestive cells. F.
affinis was found to have three separate cell types in the digestive gland: digestive cells,
secretory cells, and undifferentiated supporting cells (Schulze and Wägele, 1998). The
description of the digestive gland in F. pedata is perhaps most similar to F. verrucosa, as only
one type of cell is present in the digestive gland of both of these species.
Henneguy (1925) noted the presence of cilia in the digestive cells of aeolid nudibranchs
during physiological studies. Graham (1938) however could not locate these cilia in histological
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sections, leaving him to speculate that the preservation and sectioning of the animal may in fact
degrade these structures. No cilia were located in the digestive gland of F. verrucosa in this
study, but further histological studies could be performed to investigate if these structures are
present.
Perhaps one of the most interesting findings of this study was the unknown structures
found in the digestive gland of F. verrucosa. The difference in abundance of these structures
among specimens is also curious. It is speculated that these are either mucous cells, given their
multivacuolated appearance and purple-staining color, or food particles that were ingested prior
to sacrificing the nudibranchs. If these are mucous cells, it would seem that mucus may play an
important role in protecting the nudibranch from exploding nematocysts during predation
attempts. Given the differences in the number of these structures found between nudibranch
specimens, and the fact that some structures were found in the lumen of the digestive gland as
opposed to in the gland itself, it is speculated that these unknown structures probably relate to the
food of the animal.
While this study was the first to describe the digestive tract of Flabellina verrucosa
histologically, there were limitations encountered through the study which should be noted. No
morphological or physiological studies were completed for F. verrucosa, which prevented a full
scope of understanding of each structure. Histological sections provide detailed microscopic
anatomy of a structure, but they rarely are able to differentiate where a structure starts and where
it terminates. Because of this, one can determine the presence of an organ or structure, but it is
not always possible to determine other parameters of the structure, such as the size. For example,
a histological section of the radula confirmed the structure of the radular teeth as well as the
structure of radula-supporting cells, but the entire radula could not be seen, rendering the
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classification of the radula or the radular formula impossible. Many flabellinids contain triseriate
radulae (Miller, 1971; Schulze and Wägele, 1998; DaCosta et al., 2007; Fischer et al., 2007),
including F. verrucosa (Alder and Hancock, 1845-1855; Kuzirian, 1979), though this study was
unable to examine the morphology further.
Given the lack of morphological examinations in this study, a full account of the
digestive system could not be achieved, but a proposed general structure of the system and the
cellular structure of certain organs were successfully found. Future studies should include
morphological examinations through dissection, which would assist in determining the exact
location of the structures described in this study, as well as their scope throughout the animal.
Morphological studies would help to supplement the information found through histology and
would provide a more detailed description that could be compared to other nudibranch species
for classification.
Further histological studies would also be helpful to supplement this research. This study
included sections from two specimens of Flabellina verrucosa, though all sections were
longitudinal. Serial cross sections would be beneficial, especially in an animal like F. verrucosa
that includes many types of curved ducts throughout the digestive tract which would benefit from
an analysis from multiple points of view. Alternate points of view may have helped deduce if
there were one or multiple typhlosoles running through the intestine of the nudibranch
specimens, for example.
Further sectioning of F. verrucosa would not only provide alternate views, but it could
also assist in locating structures that were not found in the current study. The anus, for instance,
was not found in any histological section used in this study. The position of the anus is a
potential identifying characteristic in Flabellina – though there is little agreement over which
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type is the most common for this family. Hirano and Thompson (1990) claim that most
Flabellina species have a pleuroproctic anus, while Schmekel and Portmann (1982) claim that
most Flabellinid species (besides F. affinis) have an acleioproctic anus. Kuzirian (1977) reports
that F. verrucosa has a pleuroproctic position and describes the anus as occurring behind the
third ceratal row of the second cluster on the animal. Further sections of F. verrucosa could
investigate the position of this structure in F. verrucosa further for potential classification
purposes.
Subsequent sections in varying stains would also be helpful in analysis of this
nudibranch. As some structures were difficult to differentiate in the digestive gland in this study,
various other stains may be useful in highlighting different structures for visual analysis. Graham
(1938) most frequently used iron hematoxylin and Mallory’s stain in his study, with the former
being most commonly cited in his figures. Schulze and Wägele (1998) had success using
toluidine blue for histological sections of Flabellina affinis. Toluidine blue would be particularly
useful for subsequent sections in F. verrucosa, as it functions to highlight mucin, a component
present in mucous cells, which may help differentiate the unknown structures found in the
digestive gland. Flabellina engeli lucianae was examined histologically with methylene blueazure II stain (DaCosta et al., 2007), and the histological sections were not only analyzed for
anatomical description, but they were also used to create a 3D reconstruction of the organ
systems. In the absence of morphological examinations through dissection, or in the cases in
which a species is too small for dissection, a 3D reconstruction using relevant software could
provide a useful alternative in identifying organ systems of aeolids. Large specimens of F.
verrucosa would be useful for dissection, but young or juvenile specimens may prove difficult to
dissect as many of the organ systems may not be differentiable. Reconstruction of the digestive
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system using a similar method as DaCosta et al. (2007) would provide useful insight into the
placement of all organ systems in Flabellina verrucosa.
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GENERAL DISCUSSION
Results from this study offer various insights into the feeding biology of Flabellina
verrucosa. Data from both field observations and laboratory feeding trials suggest that F.
verrucosa most frequently associates with Ectopleura larynx when given several prey options
(Chapter 1), but numerous other prey species are also consumed by this nudibranch predator,
indicating that preference for E. larynx are weak. The behavior of F. verrucosa during the
feeding trials indicates that though it may prefer E. larynx when all factors are equal, this
nudibranch ultimately acts as a true generalist predator that switches the prey it most often
associates with if another food source becomes dominant in the community.
Abundance must not be the only factor in prey selection however, as some known prey
options that were in abundant supply during trials were not frequented by F. verrucosa. This
indicates that factors such as size and digestibility may influence the prey value of an organism.
In some aeolids, it is thought that past diet choice can also impact prey selection, though
ingestive conditioning potential for F. verrucosa showed conflicting results during this study.
More research is needed to determine what factors are important for diet selection in F.
verrucosa, but from data in the current study, it is speculated that size and prey defenses may
have been more important considerations than past diet choice for F. verrucosa.
While this study indicates that F. verrucosa has a preference for E. larynx over other prey
options (Chapter 1), it is also not surprising that F. verrucosa would switch preferences when
this hydroid becomes scarce, as was the case in two of the long-term trials. F. verrucosa is a type
of browser predator, feeding on sessile organisms with extensive defenses. Organisms which
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hunt by browsing encounter a range of prey defenses, and they can adapt to handle these
defenses by either expanding their diet, or evolving to better handle prey defenses (Hughes,
1980). Optimal diet models indicate that the former causes generalist predators, and the latter is
expected to instead cause specialization in a predator (Hughes, 1980). The fouling communities
in which F. verrucosa lives are patchy environments with drastic population changes. The sites
from which the specimens of F. verrucosa were collected showed drastic population shifts of
both nudibranch predators and their prey throughout the year. The preferred prey, E. larynx, was
extremely sporadic in availability. It is likely that F. verrucosa has adapted to these population
changes by expanding its diet to include a range of prey options, rather than specializing on E.
larynx. This may also be the reason for lack of significant ingestive conditioning potential in
Flabellina verrucosa. In an environment with drastic population changes, it may not be an
evolutionary advantage to seek out only one type of prey.
The histology of F. verrucosa support the indication that F. verrucosa is a generalist
predator, lacking specialization in the digestive tract (Chapter 2). The histology of the buccal
complex and digestive tract was similar to other aeolids described, presenting multiple
modifications such as a cuticle, expanded esophagus, mucous glands, and heavy vacuolization,
all which are thought to protect the nudibranch from incoming nematocysts.
The lone finding from this study that separates F. verrucosa from other aeolid
nudibranchs in regards to microscopic anatomy is the musculature surrounding the buccal
complex. Mikhlina et al. (2015) was the first to report that F. verrucosa lacked musculature that
attaches the buccal complex to the body wall of the animal. This type of musculature is common
in aeolids and functions in protruding the buccal complex during feeding. Mikhlina et al. (2015)
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described connective tissue in this location instead, and this study confirmed the absence of this
musculature. One would suspect that this type of modification would be more common in
specialists than generalists, but the absence of this musculature is found in two other species,
Onchidoris bilamellata and Pleurobranchaea californica MacFarland 1966, the former which is
a specialist and the latter which is a generalist. Further studies on describing the actual feeding
process could help indicate the mechanisms involved in this modified feeding structure.
Though the digestive tract of F. verrucosa lacked specialization, it did contain many
adaptations seen in many aeolids that function to help the nudibranch handle nematocysts from
prey. A cuticle throughout the buccal cavity and esophagus, oral and salivary glands in the
buccal complex, and numerous vacuoles in the epithelial cells of the stomach and digestive gland
were found (Chapter 2). These all appear to be adaptations to reduce damage from nematocysts
as they make their way through the digestive tract. Numerous folds in the wall of the buccal
cavity, esophagus, and stomach were also found (Chapter 2), and presumably function in
expanding these structures to take in as much prey as possible. Both of these adaptations may
assist F. verrucosa in maintaining an expansive diet, as they are speculated to help the slug
withstand various types of prey that range in size and defensive capabilities. The ability to prey
switch is especially beneficial for survival of this aeolid species, as the fouling communities in
which it is found are highly susceptible to dramatic population shifts.
Investigating feeding biology in nudibranch species can be beneficial in understanding
the community dynamics of benthic and fouling communities, as nudibranchs are important
predators in these environments. Nudibranchs are even thought to play a role in community
succession, as they feed on hydroids which are typically pioneer species. Fouling communities
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themselves are particularly susceptible to stress, and an in-depth understanding of community
interactions may help to indicate how these communities might fare under stressful conditions,
such as climate change, which the Gulf of Maine is thought to be particularly susceptible to
(Pershing et al., 2015). With so many factors thought to be impacting feeding biology of
nudibranchs, such as age of the nudibranch (Thompson, 1976a), ingestive conditioning (Hall et
al., 1982; 1984; Tyndale et al., 1994), histological and anatomical structure of the nudibranch
(Mikhlina et al., 2015; 2017) and nematocysts (Frick, 2003; 2005), it is crucial to investigate all
of these factors to truly understand the biology of a species and how it may impact the
population dynamics in fouling environments.
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